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Abstract 
Single crystal (001) and (111) silicon wafers, machined by one of either single-point diamond 
turning or ultra-precision grinding, have been analyzed using a variety of microscopy 
techniques aligned towards characterising the surface and subsurface regions. 
Surfaces turned in ductile mode are shown to have a roughness of R. -1 nm and R. 
{5 nm with surface grooves spaced according to the turning parameters of spindle rotation 
and cross feed speed, typically 100-300 nm. Sub-grooves within these show the intimate 
nature of the tool-surface interaction. Subsurface damage in (001) wafers manifests as 
dislocation loops on (1111 slip planes parallel to the cutting direction biased to the (111) set 
of planes and with a burgers vector parallel to the [1011 direction; these penetrate to a mean 
depth of 250 nm measured perpendicular from the surface. Fracture is only seen on the 
surfaces cut to a super-critical depth and of these the (111) wafers show significant slip on 
the (111) plane parallel to the surface. An omnipresent surface layer shown to be amorphous 
silicon varies in thickness from -100 nm on the ductile turned surfaces to -500 nm on the 
brittle turned surfaces; this is clearly seen on the latter as having a glassy appearance and 
containing small regions of crystal silicon. 
Ultra-precision ground surfaces are characterised by an array of major and minor 
grooves with a spacing corresponding to the wheel translation per revolution of 3.6 µm; major 
grooves cut by the highest diamond on the wheel being typically 5 times as deep as the minor 
grooves in between. R R,, for the resin-ground and metal-ground surfaces are 7.4 nm, 63.8 
nm and 21.0 nm, 150 nm respectively. A layer of amorphous silicon was observed on all 
specimens, being deeper where filling grooves, and continuous on the surface often bowed 
and separated from the surface in the form of micro-swarf. Metal ground specimens in general 
contained cracks of a few hundred nanometers in length penetrating from major grooves into 
the bulk, and occasionally parallel to the surface in the way of pre-delamination; resin ground 
wafers appeared to have less subsurface cracks than the metal-ground. Dislocation damage 
exists in the form of a layer to a depth of -250 nm for resin-ground and -350 nm for metal- 
ground specimens. 
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Chapter 1 
Introduction 
In many areas of modem technology the efficiency and reliability of a device or component 
is limited by the properties of the material from which it is made. For example, ceramic 
turbine blades will allow an aircraft jet engine to run at a higher temperature than standard 
metal blades and hence to be more efficient (economical). Unfortunately the most promising 
ceramic, SIALON, is more brittle than the metal and when machined to the desired shape and 
tolerances subsurface cracks are produced that significantly weaken the product making it so 
far unfeasible for production. Another example is high quality semiconducting wafers used 
as substrates in the manufacture of solid state electronic devices where machining offers a 
way of producing surfaces flat to very high tolerances faster than the present polishing 
methods; however, subsurface damage degrades the device characteristics making this method 
at present unviable. This thesis gives greater insight into the problems of surface and 
subsurface damage through a study of silicon wafers machined to a surface finish 
representative of the best available at the time. 
The principle of energy scaling was applied by Puttick et al (1979,1980) to show that 
in brittle materials such as ceramics, semiconductors and glasses there exists a critical size 
of surface incision below which fracture does not occur, indentation and scratch tests using 
a Vickers indenter confirmed this value to correspond to a depth of about 0.3 µm for silicon. 
The inference that brittle materials could be machined in 'ductile mode' was realised some 
years later (Puttick et al 1989) with the development of a highly stiff diamond turning 
machine capable of very precise tool-workpiece alignment and motion. Contemporary ultra- 
precision grinding and single-point diamond turning techniques are capable of surface 
finishing brittle materials to several tens of nanometres and several nanometres roughness 
respectively. The present work examines the quality of finish obtained by two such machines 
referred to as 'turning' and 'grinding' from now on. 
Single crystal (001) and (111) silicon wafers 500 . tm thick, classified as dislocation 
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free and grown by the Czochralski (CZ) method, were cut into squares of 25 mm side for 
machining. Grinding was carried out at Cranfield Precision Engineering (CPE) on their seven 
axis machine using two different types of diamond impregnated cup grinding wheels, resin 
and cast iron. Specimen warping during mounting made it was necessary to take a series of 
cuts each removing approximately 0.5 µm from the surface until a sufficient area had been 
ground for analysis. Turning was performed at the School for Industrial and Manufacturing 
Science (SIMS), at Cranfield Institute of Technology, using an ultra-stiff machine developed 
through a collaboration between the University of Surrey and the National Physical 
Laboratory (NPL) (Puttick et al 1989) and subsequently modified (Gee et al 1988, Chao 
1991). The specimen, spinning on a precise vertical axis air bearing, was turned by a 'roof- 
top' shaped diamond tool with the cutting depth controlled by a piezoelectric actuator. Radial 
motion of the tool was achieved using a stepper motor to drive the tool arm that was mounted 
by a hinge to the main frame. Both of these machines produced surface finishes representative 
of the best available in their class. 
During machining the motion of the cutting tool can be computer controlled to surface 
finish a programmed shape and form to within the accuracy of the instrumentation. This 
differs from conventional lapping and polishing which is restricted to simple surface forms 
and has an inherent uncertainty due to abrasion variance over the surface. It is for this reason 
that micro-machining and as shown here, nano-machining, have been the centre of much 
interest, investment, and research over the last two decades. The main applications are for 
semiconductor substrates which need ultra flat surfaces for optimum device response; 
computer hard disks that are single-point turned to tolerances of less than 1µm over their 
surface; lenses and mirrors for optical, X-ray or infra-red purposes, these being machined to 
aspheric form as easily as to spherical, a fundamental difficulty with conventional methods; 
and high precision mechanical components such as cam-shafts for combustion engines and 
ceramic turbine blades for jet engines. 
The exact nature of the surface and subsurface regions after polishing has been the 
subject of speculation and investigation for more than a century, and Beilby (1903) 
commented on 'Surface flow in crystalline solids under mechanical disturbance' in which he 
observed a surface layer, non-crystalline and smooth in nature caused by polishing. The 
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present study observed such a layer on all machined specimens which were identified as 
amorphous silicon and so an extension of the analysis was carried out on silicon wafers 
polished with fine diamond spray; in this case the same phenomenon was observed, an 
amorphous silicon layer on the specimens. 
The quality of the finished surface and hence its potential for application is described 
by a number of factors which will be discussed in more detail later, but most significantly are 
the surface roughness and the subsurface damage; this work has therefore been aligned to 
characterizing both. The main method of analysis has been transmission electron microscopy 
(TEM), viewing the material in both plan and cross section, using diffraction contrast and also 
high resolution electron microscopy (HREM). To develop a more complete appreciation of 
the nature and extent of the damage, other methods of analysis have been employed; these 
are surface profilometry using diamond probe instruments, optical microscopy and scanning 
electron microscopy (SEM), scanning tunnelling microscopy (STM) and atomic force 
microscopy (AFM), electron microprobe analysis, X-ray photoelectron spectroscopy (XPS), 
X-ray topography (XRT) and Rutherford backscattering spectrometry (RBS). The thesis is 
structured as outlined below. 
The background is covered in Chapter 2 and includes crystallography of silicon, 
material deformation and material removal mechanisms as well as details of the design and 
operation of the two machines and details of the specimens, 14 ground and 5 turned. It needs 
to be emphasized that no complete theoretical understanding or model exists to describe the 
general case of deformation at a point of contact, and material removal during machining far 
exceeds this in complexity. The approach adopted here is to present the simplest cases of 
indentation which have analytical descriptions and then to make an extrapolation from these, 
taking into account observations from indentation and scratch experiments, to make some 
predictions as to the processes at play during turning and grinding. The dual aims of this 
chapter are therefore to show the motivations for the study, how it fits into research and 
technology today and also to give the background and understanding necessary to appreciate 
the experiments and results. 
The experimental techniques are explained in Chapter 3 with relevant background 
theory showing what information can be obtained using each technique together with their 
3 
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respective principles of operation. In terms of specimen preparation this goes into considerable 
detail for the purpose of making clear exactly what was done to the material leading up to 
its analysis. 
Chapter 4 is the results chapter which is split into three sections; the first is for the 
as-received wafers, next are the results for the turned wafers and finally the ground. Each of 
these sections is further split into surface and subsurface sections. A discussion of the results 
is given in Chapter 5 and the conclusions are given in Chapter 6. Recommendations for future 
work are specified in Chapter 7 and references in Chapter 8. 
In an attempt to make the work more self-contained and the bulk of the text more 
concise and readable several appendices are given; the process of silicon wafer manufacture 
from the raw material is detailed for the Czochralski method together with details of the as- 
received wafers; methods of scribing and cleaving silicon wafers and smaller sections of 
wafers is covered as are points regarding handling and storage of specimens; several 
analytical derivations are relegated to this section such as a means of estimating the thickness 
of a surface oxide layer on silicon using X-ray photoelectron spectroscopy, and a simple study 
of the sense effect observed in scribing and indentation of a silicon (111) surface. 
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Chapter 2 
\"° .. '9. c 1 LATHES MRLINO MACHINES VERNIER CALIPERS 
The accuracy and precision of machining techniques and of measuring instruments has 
advanced at a rapid pace in the last few decades. A trace of these developments is given in 
Fig 2.1 (after Whitehouse 1991) from the study of Taniguchi (1983) who first applied the 
term nanotechnology to the manufacture of very high precision finishes and tolerances; the 
present work is an analysis of machining at the very forefront of technology corresponding 
to the nanometre region of this curve. The science of machining is obviously very broad and 
so this chapter gives a brief account of the present understanding of material removal 
mechanisms during machining with details of the design and application of the machines used. 
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Fig 2.1 The development of achievable accuracy 
Machining is traditionally a process whereby a workpiece is modified by material 
removal, from its surface, into a desired shape and form by using a mechanical cutting device. 
There are many processes at play and no theory is yet available giving a precise quantitative 
analysis of the relevant plastic-elastic mechanics. The nature of the material being cut needs 
PROCESSES MEASURWO INSTRUMENTS 
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to be taken into account; for example a brittle material such as glass cannot be turned by 
conventional techniques as it will shatter almost instantly, whereas a ductile metal can be 
lathed or milled with depth of cut in excess of a centimetre. 
The process of indentation is the simplest form of surface test which can be examined 
in controlled circumstances so that the response of the material to individual factors such as 
tool shape, depth and speed of indentation can be assessed. The approach taken here is to give 
a study of the principles of indentation and then to extrapolate those understandings to give 
some insight into machining. An intermediate stage between the two is scratching which can 
be controlled in a similar way to indentation with the added dimension (and complication) of 
tool motion giving a modified stress field and an increased strain rate together with a local 
temperature increase. 
2.1 Silicon 
2.1.1 Crystallography 
Under normal conditions of temperature and 
pressure silicon crystallises into the diamond 
structure (this was first determined by 
Debye and Scherrer 1916) that may be 
considered as two interpenetrating face 
centred cubic (fcc) lattices relatively 
displaced by 1/4 [111]. Fig. 2.2 shows that 
each silicon atom is at the centre of a 
tetrahedron and has four nearest neighbours 
to which it is covalently bonded. The 
structure is very loosely packed, with the 
touching sphere model giving a packing 
fraction of only 0.34 (Kelly and Groves 
1973). The lattice parameter (see eg 
Fig 2.2 
6 
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Donohue 1974) ao =5.43 A giving a nearest neighbour distance of 2.35 A and low order inter 
planar spacings as in Table 2.1 below. 
Plane(s) Normalised spacing Spacing, A 
(400) ao /4 1.36 
(220) ao /I8 1.92 
(111) ao /'3 3.14 
(4/3,4/3,4/3) - (111) ao /(4'13) 0.78 
(4/7,4/7,4/7) - (111) ao ('13)/4 2.35 
able 2.1 Lattice plane spacing in silicon 
The stacking sequence of { 110) planes is ABABAB.... where each plane contains an 
equal number of atoms from both fcc lattices; close packed f 111) planes stack according to 
the six fold sequence AaBbCcAaBbCc.... where case distinguishes between fcc lattices, and 
atoms of the same letter lie directly over each other normal to the (111) plane. The space 
group of the diamond structure is represented by Fd3m (Burns and Glazer 1978, Kelly and 
Groves 1973); F indicates the fcc Bravais lattice, d shows the 'diamond' glide plane and 3m 
represents the three mirror (reflection) planes of symmetry. The lattice is not centrosymmetric 
and it is evident from Fig. 2.2 that in the (I 11 ) planes the nearest neighbour bonds have a 
three-fold symmetry. This will cause the <112> directions to respond in a different way to 
plastic deformation than the opposite <112> directions as reported for example by Puttick et 
al (1980), and a simple treatment of this is given in Appendix A4. 
As is the case with many materials silicon exists in different structural forms (called 
phases) depending on the temperature and pressure. The form discussed above is called the 
a-phase and this has an atomic volume of 20.020 ± 0.002 A3 (Donohue 1974). The atomic 
volume decreases with increasing pressure and increases with increasing temperature, where 
for example at room temperature (298 K) and high pressure it becomes 18.38 ± 0.07 A3 also 
for the a-phase. According to the phase diagram (Fig 2.3, after Bundy 1964) silicon becomes 
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a liquid at high temperatures and changes 
into the 3-phase at high pressures; at room 
temperature the change of state occurs at 
above about 140 Kbar. The pressure induced 
phase change is to a more compact 
tetragonal crystal with an atomic volume of 
14.19 A3 that has a similar structure to 
white tin, hence its name and was first 
observed by Jamieson (1962). The electrical 
resistivity of 3-silicon is several orders of 
magnitude lower than the a-phase and so it 
1500 
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2 w º- 500 
0 
I 
1 
I(METALLIC, 
/WHITE TIN 
ISTRUCTURE) 
I, i 
I00 
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200 
is referred to as the metallic phase. Two Fig 2.3 The phase diagram of silicon 
other phases have been observed (Donohue 1974), y-silicon and S-silicon both with atomic 
volumes between the a- and t3- phases, but these are not as well characterized. 
The coordinate system used throughout is drawn in Fig. 2.4 for both (001) and (111) 
wafers. As a means of expanding one's perception of crystal geometry stereographic 
projection may be used which is a graphical means of representing planes and directions of 
the three dimensional crystal in two dimensions, and the projection for the [001] principal axis 
is shown in Fig. 2.5. A plot is made by first constructing a unit sphere centred about the 
origin of the crystal coordinate system. A major axis, for example [001], is then chosen as 
a centre point on the sphere and a plane normal to this direction is drawn diametrically 
opposing that point. The intersection points of major axes with the unit sphere are then 
projected onto that plane from the central point which itself will project onto the plane as the 
central point of the stereographic projection. 
An in depth account of the manufacture of the wafers used in this study together with 
specific electrical details of these wafers and a list of general properties of silicon is given 
in appendices Al, A2 and A3 respectively. 
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Fig 2.4 Coordinate systems for (001) and (111) wafers 
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Fig 2.5 Stereographic projection for the [001] principal axis 
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2.1.2 Crystal defects 
The machining process is a material removal mechanism that involves elastic and 
plastic deformation and fracture of the crystal to a greater or lesser degree depending upon 
the fineness of the machining. Although material is removed from the surface, crystal damage 
will take place beneath the surface, left after the machining. It is the aim of this work to 
characterise quantitatively this damage, and to this end a discussion of the likely forms of 
defect present in the subsurface damage area will now be given. The more likely types of 
defects and those most effective upon the mechanical properties of the material are 
highlighted in bold letters; the reference used throughout this section is Hull and Bacon 
(1984). 
Defects occurring in crystalline material can be characterised as being point-like, line- 
like, surface-like or volume-like. Zero dimension or point like defects are single atom 
disturbances, either vacancies, interstitials or substitutionals. The equilibrium number n of 
vacancies in a crystal of N atoms at a temperature T is given by 
n=N exp (-Ef/kT) (2.1) 
where Ef is the energy required to create a vacancy (-1 eV in silicon) and Boltzmann's 
constant k=8.68 x 10'5 eV / K. The concentration therefore increases with temperature and 
so in the region of tool-surface contact during machining where the temperature is high (see 
section 2.5.1 for details of temperature rise) a large concentration of thermally induced 
vacancies is likely to occur. The average thermal energy of an atom at room temperature (kT) 
is -0.025 eV and so the subsequent movement of vacancies at equilibrium concentrations is 
small as their migration energy is typically 0.5 eV. However the rapid cooling of the material 
to room temperature after the passing of the cutting tool will give rise to a supersaturation of 
vacancies and these will either slowly diffuse out of the crystal or agglomerate to form voids 
or dislocation loops. For comparison, the equilibrium concentration of vacancies (n/N) at room 
temperature is -1.6x10'7 while at the melting point it is -10'3. 
Extra atoms in the lattice at non-lattice sites are called interstitials and these may be 
the same type as the crystal (intrinsic) or alien (extrinsic). The formation energy of an 
intrinsic interstitial Ef is typically three times greater than for vacancies and satisfies a similar 
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relationship as Ef in Eq. 2.1, so their concentration will be significantly less than of 
vacancies, typically -1075' and 10-12 respectively for the same temperatures as before. 
A substitutional is an impurity atom situated at a lattice site and often occurs as the 
filling of a vacancy, and is therefore extrinsic. For both substitutional and interstitial extrinsic 
point defects the ambient environment during machining and the cutting tool itself act as a 
source of impurities. With the single point turning the expected impurities are oxygen and 
nitrogen from the air and carbon from the diamond tool. Grinding will subject the specimen 
to carbon and iron from the cast iron bonded wheel or carbon and sodium from the resin 
wheel. In addition to this, the coolant used while grinding will be a source of hydrogen, 
oxygen, sodium and nitrogen. Stacking faults are planar defects corresponding to regions of 
the crystal where the natural stacking order of planes of atoms has been disrupted. For 
example in silicon the ( 111) planes have a normal stacking order AaBbCcAaBbCcAa.... An 
intrinsic stacking fault is where the order corresponds to a missing plane from the lattice, eg. 
AaBbCcAaBbAaBbCcAa... while an extrinsic staking fault is described as if an extra plane 
existed in the lattice, eg. AaBbCcAaBbBbCcAaBbCcAa... 
Grain boundaries are planar defects manifest as the mismatch surface between grains 
in a polycrystalline material. Crystal damage due to machining may result in the presence of 
localized regions of material having become disoriented from the bulk crystal that would give 
rise to this type of defect. If the disparity across the boundary is small then the boundary is 
composed of an array of dislocations. A twin boundary is a planar defect bounding a volume 
of crystal (i. e. a twin) that has undergone a local change of orientation from the surrounding 
bulk usually as a result of homogeneous shear stress acting upon a crystal that shifts part of 
the lattice without breaking bonds; a twin may also be considered as a region of successive 
stacking faults one upon another. 
Dislocations were first conceived by Volterra (1905) who theoretically described a 
process of making a cut in an elastic continuum, displacing the faces relative to each other 
and then resealing. This idea was extended to crystals by Taylor (1934) and Orowan (1934) 
who independently postulated the edge dislocation in terms of the lattice parameter and 
explained their significance in processes of plastic deformation of crystals. A more 
comprehensive analysis by Burgers (1939) described edge, screw and mixed dislocations in 
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terms of a vector representing the crystal 
displacement in a complete circuit around a 
dislocation core, now called the burgers' 
vector. The case of a screw dislocation 
intersecting a free surface of a crystal was 
adopted by Frank (1949) to explain why the 
growth rate of crystals was higher than that 
expected by considering atoms adhering to 
a flat crystal surface. The problem of crystal 
growth had been under investigation for 
many years (Gibbs 1878, Curie 1885, Wulff 
shaded arcs indicates the sI ppcd region 
g is the burgers vector 
u is the dislocation line direction vector 
Area of slip in a crystal Fig 2.6 
1901) and the work of Frank (1949) and Burton and Cabrera (B&C 1949, C&B 1949) 
established the necessary existence of dislocations (B, C, F 1951). The spiral growth 
formations predicted by Frank were observed by Griffin and Forty (see eg. Forty 1953). 
Dislocations were first observed in TEM by Hirsch et at in 1960 and in silicon, they belong 
either to the glide set or the shuffle set depending on which of the fcc lattices the termination 
of slip is located. To illustrate this defect it is sufficient to consider the cubic nature of the 
diamond structure as a simplification. Deformation of a crystal may occur by the slip of 
planes of atoms over each other as illustrated in Fig 2.6 where the transition from slipped to 
non slipped regions is called a dislocation with the line direction u being a vector parallel to 
the transitory line. The direction of slip is denoted by the burgers vector b and if this is an 
integer multiple of ao, the lattice parameter, then the dislocation is called a perfect or unit 
dislocation; if b is less than ao then it is a partial dislocation for example 1/6[112] slip on a 
(111) plane in fcc. 
When the burgers vector is perpendicular to the line direction, the dislocation is edge 
type, if parallel then screw type, these are illustrated in Fig. 2.7; if in between then it is of 
mixed character. The bulk slip of material will leave a slip step on the surface that is evident 
for example in XTEM as being linear in cross section protruding from the surface. 
In silicon slip occurs on (111) planes with burgers vector'/2<110> located within the 
slip plane. As each of the <110> directions is contained in two ( 111 ) planes, cross-slip may 
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Fig 2.7 Edge (a) and screw (b) type dislocations in a cubic crystal 
occur where the slip of material changes from one { 111) plane to another with the same 
burgers vector; this is usual only when slip bypasses an obstacle such as an interstitial. 
Dislocation lines can end at the surface or at a grain boundary but otherwise never 
inside the crystal. The localised region containing the transition from slipped to unslipped 
crystal is called the core of the dislocation and is denoted by I for an edge dislocation with 
the vertical line representing the extra half plane. Due to low core energies for <110> type 
line directions, slipped regions are very often bounded by a line that itself exhibits 60° 
angularity where the line direction is at 0° or 60° to the burgers vector, and so these are 
termed 60° dislocations. 
Dislocation loops may form by one of two mechanisms. One is where planes of atoms 
slip over each other, as described above, for the region of the loop and the burgers vector is 
in the plane of the loop. The other is called a prismatic loop and is formed through the 
accumulation of vacancies in a plane forming a planar void that collapses to produce a loop 
where the burgers vector is out of its plane. The presence of prismatic loops is an indication 
of a local supersaturation of vacancies. Because of the nature of crystal distortion around an 
edge dislocation impurity atoms both larger and smaller than the indigenous kind tend to 
gather and diffuse along dislocation lines. A crystal subject to high temperatures (close to the 
melting point) followed by rapid cooling or quenching will contain a high concentration 
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(supersaturation) of vacancies due to the volume change and insufficient time for 
recrystallization into the perfect lattice. The converse of this is that regions of crystal 
containing prismatic loop dislocations has in its history most likely been subject to these very 
conditions and so in the study of machined silicon the presence of this type of defect would 
suggest such effects during the material removal process. 
It is possible that a '/z <110> ( 111) dislocation will dissociate into two Shockley 
partial dislocations of 1/6 <211>( 111) in such a way that the burgers vector is conserved eg. 
1/2 [011] = 1/6 [1121 + 1/6 [121]. 
In this case the region between fully slipped, and unslipped crystal is the region of partially 
slipped crystal which is a stacking fault. The elastic-strain energy of a dislocation is 
proportional to the square of the Burgers' vector and so an equilibrium arises where the 
stacking fault energy is balanced by the repulsive potential energy of the two partial 
dislocations giving the stacking fault a material and temperature dependent characteristic 
width. 
A pure edge dislocation may move within the lattice by glide or by climb. Glide is 
motion of the core within the plane that contains both the line direction and the burgers 
vector. For silicon this will occur at temperatures above about half the melting point (i. e. 
above about 800 °C). Glide of many dislocations results in slip on a macroscopic scale, and 
is the most common manifestation of plastic deformation in crystalline solids. Dislocation 
climb is movement of the edge core out of the slip plane and normal to the burgers vector, 
it requires more energy than glide and is therefore less likely to occur. 
2.1.3 Amorphous silicon 
When the local density of plastic deformation is high the nature of the crystal which 
is defined in terms of an ordered lattice of atoms becomes somewhat ambiguous. Both 
polishing and irradiation of crystals are known to produce regions where the crystal becomes 
amorphous. In the case of polishing as also with other forms of contact such as indentation, 
scratching or grinding the material at the surface of contact becomes plastically redistributed 
or smeared. See eg Johanson et al (1989) for polishing effects on crystal surfaces or Pharr 
et at (1990) for metallic phase silicon extruded around indentation sites (also see Cahn 1992 
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for commentaries on this latter effect). The 
irradiation of a crystal by highly energetic 
particles results in tracks of damaged 
material along the paths of the particles 
where the crystal atoms have been knocked 
out of their equilibrium positions; this is 
known as displacement damage and leads to 
localised amorphisation (see eg. Cahn et al 
1991). Melting of a crystal followed by 
rapid quenching results in solidification in a 
non-equilibrium state or phase that may be 
amorphous for example amorphous metals Fig 2.8 RDF for amorphous and crystal 
produced in a glassy phase by 'splat quenching'. 
The atomic structure of amorphous silicon is not completely disordered, the nature of 
bonding is similar to the crystal phase with the same number of nearest neighbours, average 
bond lengths and angles. In the crystal atomic spacings are well defined even to large 
spacings of many times the lattice parameter. This is not so in amorphous silicon where this 
separation, represented by the radial distribution function (RDF), is diffuse for the lower order 
spacings and there is no correlation for larger spacings as illustrated in Fig 2.8. Electron 
diffraction (or X-ray or neutron diffraction) of amorphous silicon produces concentric rings 
with radii of maximum intensity corresponding to the mean atomic spacings (the RDF). 
Amorphous silicon is of interest in research today for its potential application as a 
semiconductor in a hydrogenated form which has a lower defect density than pure amorphous 
silicon making its electronic properties more useful (see eg. Street 1991 or the Emis Data 
Reviews Series #1 1989). Most amorphous silicon used in research is produced by chemical 
vapour deposition (CVD) and so the results of Whitmore et al (1994) based on the present 
work represent a new way of forming this material. 
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2.1.4 Surface oxide on silicon 
It is important to mention the inevitable presence of an oxide layer on silicon surfaces 
exposed to air as this has significant effects on many of the analytical techniques used in this 
work. Raider et al (1975) used Electron Spectroscopy for Chemical Analysis (ESCA) to 
measure the thickness of the oxide layer on etched and cleaved silicon surfaces. Silicon 
crystals cleaved in air were found to oxidise at a greater rate than etched wafers. The oxide 
layer thickness exhibited a logarithmic relationship with time within the time-scale of the 
experiment as shown in Table 2.2. After about two weeks the layer did not increase 
significantly, not even up to one year later, and it was concluded that the equilibrium oxide 
layer thickness on etched silicon surfaces exposed to air at room temperature and pressure is 
< 14 A. 
2.2 Deformation of single crystals 
Deformation in a single crystal (see eg Courtney 1990) to an applied stress will depend on 
the nature of the stress and in general will be accommodated by a combination of elastic and 
plastic strain leading ultimately to failure. Different mechanisms predominate according to the 
map in Fig 2.9. 
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Elastic strain in silicon crystals occurs 
through the change in bond length between 
atoms but not to the point of bond rupture. 
Plastic flow is initiated by shear stress and is 
described in terms of dislocation movement to 
a super critical resolved shear stress (TOSS), this 
involves the breaking of bonds. Semiconductor 
grade silicon wafers are quoted as being 
Fig 2.9 Deformation mechanism map dislocation free and so 'ccRss corresponds to 
generation and subsequent glide. Most other crystals contain a large density of dislocations 
and so their generation is not a consideration. ccRss increases with increasing strain rate, 
impurity content and with decreasing temperature. Work hardening will occur due to 
dislocation interactions with further plastic strain. Slip will be activated on one or more of 
the 12 geometrical systems depending on the stress projection and whether it is greater than 
tcRSS. Hence in the simplified example of a uniaxial stress (either compressive (<0) or tensile 
(>0)) inclined by an angle 0 to a slip plane and by Nf to a slip direction as shown in Fig 2.10 
the resolved shear stress 'tRSS is given by 
F cos* Fa TRSS 
AS AQ cosý cosqr _m 
where As is the projection of the area AO normal to 
the applied stress axis upon the slip plane. Plastic 
flow will take place on the plane where 'tRSS 
ticxss" The general shear stress-strain curve for a 
single crystal shown in Fig 2.11 is separable into 
three distinct regions. Stage I is when one slip 
system is active and the work hardening is low as 
dislocation glide is on parallel planes, with the 
only interaction being from their overlapping 
stress fields. Stage II corresponds to multiple slip Fig 2.10 
(2.2) 
Crystal slip to applied stress 
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where work hardening is due to the 
intersection of dislocations moving on non- 
parallel planes and is roughly linear. Stage III 
shows a reduced work hardening as a result of 
cross slip occurring which allows the 
circumvention of obstacles preventing easy 
slip. 
The temperature dependence of the 
critical resolved shear stress also falls clearly 
into three regions as illustrated in Fig 2.12 
Fig 2.11 Single crystal shear stress strain 
which also indicates the effect of strain rate. In Region III where T is in excess of 0.7 TM, 
'tom decreases rapidly with T due to the greater mobility of dislocations and the greater effect 
Fig 2.12 Temperature dependence of tCRSs 
of diffusive processes. The most prominent 
diffusion process, called Nabarro-Herring 
creep, is caused by the flow of vacancies from 
a surface in the direction of increasing 
compression resulting in a net mass flow in the 
opposite direction. This process is more 
pronounced at higher temperatures and stresses 
where the likelihood of grain formation is 
greater producing more vacancy sinks for the 
diffusive process to occur. Region I shows a 
rapid increase of TCRSS with decreasing 
temperature and is in part due to the lower mobility of dislocations for glide. 
2.2.1 Fracture 
Fracture occurs in a material as a result of applied or internal stresses (eg tensile testing or 
rapid temperature change respectively) exceeding some critical value greater than which the 
material cannot support. The consequent crack growth may be local or global and may take 
place slowly or very rapidly depending on the brittleness of the material and the nature of the 
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Fig 2.13 The three primary macroscopic fracture modes 
test. The three primary macroscopic fracture modes are illustrated in Fig. 2.13 where, in 
general, all three types will be active. Mode I fracture, or tensile opening mode, is the most 
common type where the crack and crack tip are opened up by a tensile stress causing crack 
propagation perpendicular to the stress. Mode II cracking is produced by a shear stress 
causing the crack to propagate parallel to the shear stress. Mode III is also the result of an 
applied shear stress but the crack propagation is in a direction normal to the applied shear 
stress, in a tearing type of fracture often associated with torsion type stress. On a 
microscopical scale cracks are closely related to dislocations (see eg Cottrell 1964)) in that 
many edge dislocation cores close to each other create a void-like feature similar to a crack. 
The actual location for the initiation of fracture, for example in a tensile loaded bar 
where the stress is of equal magnitude over the bar cross section, was explained by Griffith 
(1920) in terms of micro flaws existent in any material that would act as localized stress 
concentration sites. Hence the flaw, because of its size, position and orientation with respect 
to the stress field, giving the largest stress would nucleate fracture if that local stress was 
greater than the critical stress for fracture. 
This dominant flaw will form a well defined crack that will propagate so long as there 
is sufficient energy in the system to create the two free surfaces. For quasistatic fracture (ie. 
neglible kinetic energy) the total energy of the system, U7,, is given by 
Displacement of 
crack surfaces Displacement of 
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UT_( UF+UE)+US 2.3 
where OF is the work done by the applied forces, UE is the elastic strain energy of the system 
and Us is the total surface energy of the crack faces (ie. the energy required to create two free 
surfaces through bond rupture). By considering the variation with crack area C this can be 
written as 
dU= d dUsG+2r 
dc dc(UF + Uý + dc 
2.4 
where G (Jiff) is the mechanical energy release rate and r (Jm ) is the fracture surface 
energy. For brittle fracture, where there is no dissipation in loading, dUF/dC=O in which case 
G=dU, tdC the strain-energy release rate. When the quantity dU/dC is negative, corresponding 
to Gt 2t, the crack will grow until the term is zero, ie the propagation of the crack is driven 
by the elastic strain field. Griffith applied this to an infinitely narrow eliptical void in an 
elastic media subject to a uniform tensile stress, and showed that there is a critical or 
minimum stress required for the extension of the 'crack' that depends on the size of the crack 
(see eg Lawn 1993) as 
(IF =( 
2EY )lg 
7[ Co 
where E is the elastic modulus of the test material and y is the fracture surface energy per unit 
area. 
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2.3 Indentation 
Early this century Brinell (1900) devised a test whereby a steel sphere was pushed into 
the surface of different test pieces with the aim of observing the material response to different 
pressures and ball sizes. This subsequently developed into the indentation test that is used 
extensively today to characterise the mechanical properties of materials. 
The process involves pressing an indenter, which is normally made of diamond or 
some other ultra-hard material, into the surface of a test piece for a specified time with a 
known load or application force and, in the case of crystal, at a known orientation. A 
parameter called the hardness is then defined as the ratio of the load to the surface area of 
the resulting impression (in some cases the projected area is taken); this quantity will vary 
depending on the type of indenter used, the main ones being: a sphere, a symmetric four-sided 
pyramid ('Vickers'), a pyramid with two different side lengths (Knoop), a three sided 
pyramid ('Berkovich') and a cone. (See eg Mott (1955) for more details of indenter 
geometries). The Brinnel hardness number Hg is defined as 
= 2F Hg 
nD(D - 1(D2 -d2)) 
2.5 
where D and d are the diameters of the spherical indenter and contact area respectively and 
the Vickers hardness number is obtained through 
Hy = 
2F sin 8/2 = 1.8544 
F 
D2 D2 
2.6 
where 6= 136° is the angle of opposing faces of the pyramid and D is the mean diagonal 
length. Hence for the Vickers indentation the diagonal is about 7 times the magnitude of the 
indentation depth. The greater the hardness number consequently the more 'hard' the material, 
indicating its greater resistance to penetration and hence deformation. The technique gives 
much insight into the behaviour of the test material, its resistance to wear, abrasion and 
fracture in particular. 
The hardness number is constant over a wide range of loads but tends to increase with 
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decreasing load below contact sizes of about 20 gm, a phenomenon known as the Indentation 
Size Effect (ISE) where the micro-indentation becomes subject to a great number of factors 
(see Sargent 1986). In tests carried out indenting silicon crystals with a Vickers pyramid the 
ISE becomes noticeable below diagonal lengths of -15 µm (Chao 1991), corresponding to 
depths less than -3 µm. 
The onset of micro-mechanics, ultra thin surface layers and coatings has resulted in 
the development of a new breed of indenter capable of load resolution better than 10 mg and 
point to point depth resolution of better than 2.5 nm (eg. La Fontaine et al 1990, Stone et al 
1988) with work also being carried out using scanning tunnelling and atomic force 
microscopes (see eg. Day and Russel 1993) for indenting and other modes of penetration. 
Although it is a conceptually simple process the mechanics of indentation are only 
exactly soluble for point indentation and for Hertzian indentation of an elastic half space 
using a spherical indenter, i. e. for two ideal cases. In reality indentation is a process featuring 
both elastic and plastic strain to varying degrees depending on the material and indenter 
geometry. The ideal problem of elastic indentation is discussed in the next section. 
2.3.1 Elastic solids 
An elastic band stretches when subject to stress and returns to its original shape when the 
applied force is removed; the rubber accommodates this mainly by the unravelling of its 
twisted and contracted long molecules. Many materials (eg silicon, other crystals, glasses, 
ceramics) exhibit a similar property upon very low load indentation where the indenter is 
pressed into the surface and yet leaves no impression upon its removal. This type of elasticity 
manifests through the compression and/ or tension of interatomic bonds below the point of 
rupture, a temporary change of position, so that when the indenter is removed the original 
equilibrium arrangement is re-established; a process known as elastic recovery. It is therefore 
necessary to measure the indentation depth during loading and not after which is one of the 
benefits of the dynamic micro-hardness tester (see eg Page et al 1992, Weiler 1989, Fontaine 
et al 1990) that measures displacement continuously as a function of applied load during the 
loading and unloading cycles of an indentation. 
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Hertzian Indentation 
A smooth spherical indenter of radius R is pressed into the surface of an isotropic, 
elastic half space. Hertz's analysis (1881,1898) expresses the pressure distribution p as a 
function of the radial coordinate r in the following way 
p= Po (1 - (Ihm 2.7 
where po is the maximum pressure at r=0 and a is the contact radius. It can be shown 
(Lawn and Wilshaw 1975, Johnson 1985) that a is given by 
a3=4 PR 'k= 
16 [(1-v2) + (1-v2) 
E' 
] 
and the maximum pressure po as 
2.8 
Po = 
3F 
= 
3F iß 1 3E l2P 2.9 
2naZ 271 4kR 
where v is Poisson's ratio, E is Young's modulus, F is the applied normal load and primed 
and unprimed quantities refer to the indenter and the specimen respectively. In this analysis 
the mutual distance of approach of points in the two solids can be expressed as 
Z=[ R]i/3 [4kF 3E lzr3 
2.10 
Brinell used this type of indenter to make a measure of the hardness of materials and 
this number HB will therefore be proportional to F"' R-2" (by combining equations 2.5 and 
2.8). The stress distribution is illustrated in Fig 2.14 for both plan view and cross section 
through the contact axis. The surface stresses inside the circle of contact are compressive (see 
eg. Johnson 1985, p62,94) whilst beyond it are given by 
Go 
= 
(1 - 2v) a2 
Po Po 3r2 
2.11 
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where it can be seen that the radial stress is tensile with a maximum value at the boundary 
of contact r=a. 
Point loading 
Normal point loading of an elastic half space was first described by Boussinesq in 
1885 who showed that the stress field in the substrate could be expressed in cylindrical 
coordinates as 
_ 
F(1 -2v) 24_3 c2 err 
4, tr2 
(2 
2ýý sin 
ý), oý = 
F(1 zv)(cosý-Zsec2 
2), 4nr 
ozz = -3F cý'ýý sino, QR = -3F cos240 singO, are = oez = 0. 
2nr 2 21cr 2 
2.12 
The form of the stress field is demonstrated in Fig 2.15 for v=0.25 where the principal stress 
components are given by Lawn and Swain (1975) as 
all - 6sin2a+a=Zcos2a-2a, Zsinacosa, ß33 = ßcos2a+as=sin2a+2ß, ýsinacosa, 
022 = a08. 
2.13 
The contours are of constant magnitude, all and ßj3 are tensile everywhere whilst 622 is 
tensile beneath the indenter but compressive within 380 of the surface. 
2.3.2 Elastic-plastic solids 
Plastic deformation of a material is illustrated by the response of plasticine to contact with 
a sharp indenter, the material is displaced around the intrusion and retains the indenter shape 
impression upon its removal. In the case where there is no elastic response then the material 
undergoes plastic flow when a critical stress known as the yield stress is reached. Because 
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Fig 2.14 Contours of the principal stresses for Hertzian indentation (after Lawn and 
Wilshaw 1975) are plotted for v=0.33 in a) from top 611, (3z2,633. The half plan and cross 
section b) show the stress trajectories and c) is the coordinate system used. 
-0032 
a) b) 
Fig 2.15 The principal stresses of the Bousinesq field for point indentation with v=0.25 
are shown in a) from top a, (522 a33. The arrow width at contact represents the effective 
contact area due to plastic deformation. b) shows the half plan and cross section stress trajectories. 
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only the immediate region is affected and the bulk does not undergo elastic strain the 
penetrating volume of the indenter is displaced upwards forming a hill or mound around the 
edges of the impression. This is called rigid-plastic behaviour and has been addressed through 
the application of slip line field theory (Dyer 1965, Tabor 1986) and Hill (1950). Materials 
that have a low packing fraction (ie. have a lot of empty space in their structure), such as 
pure fused silica or porous ceramics, undergo densification whereby the displaced material 
is not entirely displaced upwards nor into the bulk but is simply squashed. 
An ideal elastic-plastic material when subjected to increasing tensile stress will at first 
respond elastically (linearly) until the yield stress Y is reached whereupon it will start to flow 
plastically. Indentation of an elastic medium with a spherical indenter is at first elastic, but 
as the load is increased a region directly below the indenter deforms plastically as illustrated 
in Fig. 2.16 at a mean contact pressure of p -1.1 Y (Tabor 1986). With increasing load this 
zone enlarges until it reaches the surface in contact with the indenter. 
As a sharp conical or pyramidal indenter is pressed into this type of surface the 
stresses at the contact area will far exceed those necessary for plastic flow. As a result the 
plastic zone will form around the indenter, not subsurface as with the sphere, and in the case 
of those where the semiapical angle is less than about 50° a hill of plastically deformed 
material will be produced around the indenter, pushed outwards and upwards by its 
penetration. Indenters which are blunt or have a shallower tip cause the plastic flow to be 
away from the indenter and into the bulk in a way which can be described as radial flow. 
This type of indent leaves practically no hill or rise of material above the surface and the 
volume of the material displaced by the indenter is accommodated by the elastic compression 
of the bulk. Marsh (1964) and Johnson (1970) considered the expansion of a hemispherical 
cavity under internal hydrostatic pressure in an elastic-plastic half-space; this allowed the 
immediate zone under an indenter to be modeled as a hemisphere of plastically deformed 
material (core) that exerted a hydrostatic pressure on the bulk that then deformed in an elastic 
plastic fashion as in Fig 2.17. The advantage of this type of model was that all indenters 
could be considered as exerting a hemispherically symmetric influence on the test piece 
The work of Puttick and co-workers on indentation of polymethylmethacrylate 
(PMMA) through the 1970's gave great insight into the processes involved in elastic-plastic 
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a) b) 
Fig 2.16 Indentation of an elastic-plastic half-space by a blunt indenter such as a sphere 
produces a plastic zone beneath that grows with increasing penetration until it reaches the 
surface. 
p= mean contact 
pressure 
P 
elastically strained 
plastic-elastic boundary '.. y. a .. 
wow hinterland 
Fig 2.17 Elastic-plastic indentation modelled by Johnson (1970) as an expanding 
hemispherical core that produces a plastic zone and an elastically strained hinterland. 
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indentation; by exploiting the transparent property of that material they were able to optically 
observe and photograph the region around the indenter during the indentation cycle. A 
qualitative interpretation of their experiments using a metal ball indenter was given in 1973 
(Puttick et al 1973) and later that decade Puttick derived analytical expressions for the elastic- 
plastic stress field (Puttick et al 1977, Puttick 1978) incorporating strain rate and hydrostatic 
pressure. 
An spherical cavity expanding in an infinite elastic medium was considered to 
represent the interior of the indented medium whilst an expanding circular hole in an elastic 
plate simulated the surface effects. The expression for the compressive flow stress (Q) of 
PMMA was arrived at by considering the numerical results of contemporary workers, 
o =7.751nE +0.4(3oý)+161MNm"ý 2.14 
where a is the compressive strain rate and aii is the hydrostatic component of the stress tensor. 
For a ball of radius a they derived the circumferential stress in the bulk to be 
1 
ae = 3Yý(c3/r) csrsw 
ve = F(Aý r, ln r) arc cc 
2.15 
2.16 
where c is the radius of the plastic zone, r is the radial coordinate, Y, is the yield stress at the 
elastic-plastic boundary (r=c) and F is a function of r/c and the material parameters 
represented here by A. The circumferential stress in the surface was calculated to be 
oe = 2Yc(c2/r2) arc 
oe = G(A, C, Inc) csTSt- rr 
2.17 
2.18 
where G is a different function of the same variables as in the bulk. These two expressions 
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are illustrated in Fig 2.18 a, b where the cusp corresponds to the elastic-plastic boundary. 
Although this is an idealised model it predicts the essential observable characteristics of the 
real indentation, namely the occurrence of an optical anomaly (associated in the indented 
PMMA with regions of high compressive stress changing the refractive index of the material), 
and most successfully the formation of radial 'angel-wing' cracks detailed in the next section. 
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Fig 2.18 Circumferential stress functions for the indentation model of Puttick et al (1979). 
a) for hole-in-plate model and b) for spherical cavity model. 
In recent years finite element simulations of elastic-plastic indentation have been 
possible with the facility of high speed computer systems. The work of Bhattacharya and Nix 
(B & N) has yielded load-displacement curves (B &N 1988) matching very closely those 
obtained experimentally by, for example, Pethica et al (1983) for depths of up to typically 
half a micron. This work (B &N 1990) also predicts the development of plastic zones 
associated with indentation with conical indenters (included angle =1360) for silicon and 
aluminium test pieces although still only for very low load indents of up to 600 nm contact 
radius. Laursen and Simo (see eg 1992) have carried out a similar simulation of indentation 
in silicon and aluminium in both bulk and thin film (Si on Al substrate and vice versa) forms 
also using a conical indenter (136°). This type of indenter is used for its circular symmetry 
and for its close geometrical relation with the Vickers pyramid (also 136° included angle, 
between faces). A larger and generally more dense mesh for calculations allows simulations 
to a depth of up to a micron; predictions of the effective elastic modulus obtained from the 
initial slope (Sneddon 1965) of the unloading curves agree very well with the expected values. 
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The model of Yoffe (1982) is based on the Bousinesq stress field produced by a point 
indenter and makes explicit inclusion of the permanently deformed plastic zone through the 
supersition of a 'blister' field ('blister' is coined because of its usage in describing the 
situation of a nucleus of strain attached to a free surface). This will be described in a 
subsequent section in its application to the stress fields around a sliding indenter. 
2.3.3 Indentation Fracture 
Upon indentation a material will in general undergo localized plastic deformation around the 
indenter accompanied by elastic deformation extending from this plastic zone into the bulk. 
The plasticisation is caused by local shear stresses exceeding the critical shear stress for the 
material and is more pronounced with sharp indenters than with blunt (at the same load). 
Fracture takes place in the elastically strained material, usually initiating where the tensile 
stresses are a maximum, at the plastic-elastic boundary, and is propagated by the elastic strain 
field. In a way this is elastic-brittle fracture (the cracking being in the elastic medium), but 
the process as a whole is an elastic-plastic one. 
Indentations generally give rise to cracks which may be categorised as either cone 
type, ring (cone cracks restricted to the surface region), radial, median or lateral type 
distinguished by their shape and orientation relative to the indent. The form in which these 
manifest is made clear in the two often reproduced schematics of Fig 2.19 illustrating the 
processes of indentation by a sharp indenter and by a blunt indenter (eg a cone and a sphere 
respectively). 
The three loading and unloading phases for the sharp indenter are: a) initial contact 
produces a plastic zone that increases until in b) a deformation-induced flaw suddenly 
becomes a small (median vent) crack on a plane of symmetry containing the contact axis; this 
increases in size with further applied load. Initial unloading d) causes the median vent crack 
to close but not heal; as unloading progresses e) the plastic zone (which is permanently 
deformed) needs accommodating by the relaxing elastically strained bulk and this causes 
tensile strains around the plastic-elastic boundary causing lateral vent cracks to form that may 
ultimately reach the free surface upon complete unloading f). 
Initial loading of a blunt indenter will be supported by elastic strain in the bulk giving 
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b) 
Fig 2.19 The loading and unloading cycles of a) a sharp indenter and b) a blunt indenter 
giving rise to a zone of plastic deformation (dark) and cracks (see text). 
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rise to a radial tensile stress in the surface that upon further loading will form a ring crack. 
This will develop into a cone crack with a further increase in load, its path being downwards 
and radially outwards, away from the compressive zone at some distance under the indenter. 
This plastic zone will grow until it is in contact with the surface and the indenter, whereby 
it will give rise to circumferential tensile stresses into the elastic strained bulk that will cause 
the formation of a median crack at the base of the plastic zone. Upon unloading the median 
crack closes while the plastic zone behaves like a large inclusion which the retracting elastic 
bulk has to accommodate; this causes (residual) circumferential tensile stresses in the bulk 
around the plastic zone that upon further unloading cause radial cracks to appear. 
These phenomenological representations of the indentation process are not universally 
true; the order of crack initiation and subsequent growth is dependant upon the indenter 
geometry, the nature of the material as well as environmental factors. One point to note on 
this is the formation of the radial/ median crack; in the above picture the median crack starts 
beneath the indenter in both cases and extends to the surface during the compressive cycle 
forming radial cracks on one or both sides of the indent. Other tests, for example that of 
Puttick et al (1977) observe radial cracks forming first at the surface on one side of the indent 
and then extending into the bulk, round the impression and eventually, with sufficient loading, 
reaching the free surface diametrically opposed to its initiation. 
The indentation of polymethylmethacrylate (PMMA) with steel balls of varying size 
was studied by Puttick et al (1973,1977). With a small radius ball (less than -1mm) the 
indentation was governed by plastic deformation only beneath the indenter but with increasing 
ball radius the process was closer to purely elastic until a critical size was reached at which 
ring cracks were initiated (see Puttick and Yousif 1983). With higher loads this system 
produces lateral and median vent cracks characteristic of sharp indenters. An interesting 
observation was that after irradiation of the test surface with a mixture of ions (see Puttick 
et al 1978) at up to 30 MRad dose ring cracks ceased to form at a constant load with the 
inference that the implantation ions were introducing surface compressive stresses cancelling 
the surface radial tensile stresses that produce ring cracks. 
The total elastic strain energy UE (see section 2.2.1) for Hertzian indentation can be 
expressed (after Roesler 1956) as 
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a3 `M 2.19 
where M is a function of the elastic properties of the system, aM is the maximum tensile stress 
to cause fracture and a is the radius of contact. The total surface energy of the conical crack 
faces U, is proportional to Tcaly where y is the specific surface energy of crack formation (see 
section 2.2.1). Equating the two energy quantities then gives the maximum tensile stress 
necessary for crack formation as 
ßm =a( 
MY) ta 
a 
2.20 
where a is a dimensionless constant. As a result of this there is a critical combination of load 
and contact area necessary for crack formation and Roesler (1956) suggested that there exists 
a scaling factor other than the crack length that can be used to predict the onset of fracture; 
here it is a. This explained the observations of Auerbach (1891) that for a large range of 
indenter radii during Hertzian indentation the critical load for cone cracking is proportional 
to the indenter radius (Auerbach's Law), i. e. Fc =Ar where A is Auerbach's constant. 
Puttick et al (1979) modified equation for the critical radius of indentation (with 
circular symmetry) as a function of the fracture surface energy and the yield stress for plastic 
flow (Y) 
2 
ac _Z, with F( 
A) )=ý (R/a) -i 
(ý/3ýF(Rý/ac) (R/a)3 
2.21 
where E is the Young's modulus of the test material and Rf is the length of a Griffith flaw 
assuming that fracture would be initiated at such a flaw. 
Puttick later modified this for a Vickers indenter and obtained for the indentation of 
(111) silicon a critical radius for fracture of -1.8 µm (see Puttick and Hossieni (1980)). The 
indentation of crystalline materials is additionally complicated with fracture having a tendency 
to occur on particular planes and in particular directions unrelated to the stress field. For 
consistency they aligned the chisel edged Vickers indenter lengthways with the [112] 
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direction. At 30 mN no cracks were visible from the surface (using high resolution SEM) but 
at and above 40 mN fracture occurred with a three fold symmetry with three cracks in [112], 
[121] and [211] directions but not in the conjugates of those. This critical width observed for 
fracture was 1.6 µm corresponding to a depth of -300 nm. Between 120 mN and 150 mN 
load there was a threshold for the formation of spalling caused by the intersection of the 
lateral crack between the two closest radial cracks, with the surface. Another interesting 
feature of these low load tests is the presence of plastically extruded material at the periphery, 
this was reported later by Pharr et al (1990) who related it to a change in the silicon structure 
to a more dense 'metallic' phase. 
2.4 Scratching 
The scratch test (see eg Mott 1950) is an extension of the indentation test wherein an indenter 
is pressed into the specimen surface and moved across at a constant speed; this is similar to 
the process of scribing, used in the cutting of brittle materials, and to ruling which is a 
technique used in the making of diffraction gratings. The process of material deformation and 
removal are even less well understood in the case of scratching than for indentation, with the 
added effects of strain rate and time dependant stress fields, friction and frictional heating. 
It is the frictional component that makes the scratch test very useful for assessing the 
cohesive and adhesive properties of thin films deposited on substrates to improve the wear 
characteristics of the underlying material. The scratch test was first proposed by Heavens et 
al in 1950 and developed in the 1960's by Benjamin and Weaver (see eg B&W 1960) in 
terms of plasticity theory to predict the critical shearing force necessary for removal of the 
coating. The mechanics of scratch testing applied to thin films was analyzed as an extension 
of elastic-plastic indentation in 1988 by Burnett and Rickerby and much experimental work 
has been carried out with this test on thin films (see eg Laeng et al 1986). 
Of relevance to the present work is the that of Swain on calculating the stress fields 
around an indenter under combined normal and horizontal forces for brittle test materials (see 
eg Swain 1979). The stress field in an elastic half space subjected to such a sliding point load 
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would be described as an extension of the Bousinesq analysis for normal point indenting and 
is given in spherical polar coordinates by Mindlin (1936) as 
a,, =( 
P2)[11FVO) 
7Cr 
2.22 
where n and t represent the normal and transverse components respectively, A, and g are the 
ratios of these and P is the resultant load. As an example in a sliding friction test X would 
be zero and µ would be the coefficient of friction. Lawn and Swain (1975) modified this 
approach for varied indenter geometry and non-zero contact area through which the amplitude 
term (Plitt-') becomes apo(alr)Z where a is a dimensionless constant dependant on the indenter 
geometry and po is the mean contact pressure (or hardness). The principal stresses are shown 
in Fig 2.20 for v=0.25 and y=30° (the angle of inclination of the loading to the surface 
normal) together with the principal stress trajectories for Hertzian indentation with friction 
9m. 5 and v=0.33. The actual elastic stress distribution beneath a scratching particle is 
probably between these two cases. 
2.4.1 Scratch induced fracture 
The observations of Busch and Prins (1972) of the fracture of glass caused by scratching with 
a sharp diamond indenter is summarised in Swain (1979) which in turn is illustrated in Fig 
2.21 incorporating the summary of Ahn et al (1993). The section perpendicular to the scratch 
shows a crack structure essentially the same as that for quasistatic indentation of brittle 
materials with a sharp indenter (see section 2.3.3) with the presence of a median vent, and 
lateral vent cracks extending out from the plastic zone beneath the indenter. A section parallel 
to the scratch direction shows the median vent and lateral vents opened continuously along 
the path of the indenter. In the same paper Swain reports on scratch tests using a Vickers 
indenter and single-point turning using a 120° conical diamond on soda-lime glass and 
sapphire. Scratch tests were carried out at a speed of 1 mm s' while the turning was at 4.5 
cm s'; specimens were then examined in plan and cross section using SEM to reveal the 
nature of material removal and subsurface fracture. 
Swain observed that for low load (0.25 N) scratches in glass the surface appearance 
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Fig 2.20 Stress fields beneath a sliding indenter (after Swain 1979) with a) the 
coordinate system, b) the modified Bousinesy field for y=30(' and v=0.25 (cf. Fig 2.15 for 
static field), c) the stress trajectories for b) and d) half plan and cross section for a Hertzian 
indenter with friction µ=0.5 and v=0.33 (cf Fig 2.14). 
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Fig 2.21 Schematic of scratch fracture 
resembled a plastically formed groove 
with little sign of brittle fracture, although 
in cross section both median and lateral 
cracks were present throughout the load 
range apparently initiated at the elastic- 
plastic boundary. Higher load scratches 
possessed increasingly more fracture with, 
at a critical load, the lateral cracks 
intersecting the surface causing 
considerable amounts of material removal 
through spalling. A plastic zone was 
apparent in the cross sections from which 
the crack systems appeared to emanate; in some instances at higher loads the entire plastic 
zone was seen on the surface next to and removed from the scratch thus indicating some 
residual stress release mechanism. The highest load used (4 N) resulted in a groove where all 
sign of plastic deformation was gone in favour of severe brittle fracture where cross section 
analysis showed a deep median crack and apparently symmetric lateral spalling. Scratches on 
sapphire (basal plane) showed similar features with no observable crystallographic asymmetry 
but an interesting combination of median cracks and bow-like Hertzian cracks. The former 
appear to make a sweeping trace away from the centre of the groove to the side with no 
apparent asymmetry, while the latter are regularly spaced along the groove indicating a 
possible cyclic stress build-up and release mechanism or stick-and-slip process. The depth 
reached by median cracks in these experiments were typically 50 µm for the 0.25 N scratches 
and 100 µm for 1N and 4N scratches. 
The single-point turning tests corresponded to depths of cut of 50 µm for soda-lime 
glass and 25 4m for sapphire with horizontal and vertical forces of 11 N and 5N respectively 
for the glass and 33 N and 12 N for sapphire. The mode of material removal was primarily 
through lateral spalling while median cracks were visible from the surface using SEM and in 
cross section other secondary lateral cracks were evident not having broken through to the 
surface. 
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Similar experiments were carried out on silicon by Puttick and Hosseini (see eg 1980) 
who made scratches with a Vickers indenter at a range of loads from 30 mN through to 140 
mN on (111) polished surfaces. This was a study of the initiation of fracture aiming to 
observe crystallographic influences on crack formation and propagation which would be 
obscured by the complex stress fields occurrent in heavier load scratch tests such as the above 
study by Swain. An important result from this work is that scratches in both [1121 and [1121 
directions appear entirely plastic (ie with no fracture) from the surface (using high resolution 
SEM) at a load of 30 mN, corresponding to a scratch width of -1.6 gm (as quoted in that 
paper) and a cut depth of 250 nm; the critical cut depth for silicon derived from this is 
therefore about 250 nm. 
A further analysis has been carried out by Ahn et al (1993) who extended the blister 
field model of Yoffe (1982), that described the stress fields and fracture beneath a pointed 
indenter, to the application of a sliding indenter under normal and transverse forces. The full 
stress field is then a superposition of a sliding elastic field (combination of the Bousinesq 
field and the Yoffe blister field) and a residual stress field and applies to the elastic region 
only (i. e. not to within the plastic zone). 
The deductions of this work by Ahn et al (1993) are as follows. 
1. The observations of many workers (eg Swain (1978), Misra and Finnie (1979)) 
indicate that the crack systems of median, lateral and radial are initiated at the plastic-elastic 
boundary. 
2. The residual stress a' is tensile behind the sliding indenter, is normal to the specimen 
surface and has its maximum at x =0 (i. e. it decreases in magnitude backwards from the 
indenter axis of symmetry). Although the residual stresses a,, ' and ay" are compressive almost 
everywhere, behind the indenter they are much smaller than a, '. So it is plausible that this 
tensile component of the residual stress is responsible for the opening up of the lateral type 
cracks on this z-plane behind the indenter. The residual shear stress is consistent with the 
lateral crack turning up towards the specimen surface as it extends from the groove. 
3. The complete stress gives the normal stress ay at a maximum at x -0 consistent with 
median cracking just beneath the indenter while the normal stress a= has a maximum at x-- 
1.3 a consistent with radial cracks occurring just behind the moving indenter. This latter is 
37 
Chapter 2 Background 
always a relatively small component which ties in with the rarity of radial cracks in scratch 
tests. 
4. Lateral cracks are also shown to initiate at the base of the inelastic zone agreeing with 
experiment. 
This model does not include a fracture mechanics approach, for example, the changes 
in the stress field as a result of fracture is not considered, neither does it explicitly consider 
the effects of crystallography upon the stress field development. 
2.5 Machining 
2.5.1 Single-point cutting 
The title has been chosen as single-point cutting to include the processes of ruling and 
scribing in addition to turning (which implies by its etymology a rotational factor). The 
scratch test of the previous section has long been adopted by the material science community 
as a means of quantifying the response of a material to a sliding indenter or other shaped tool 
whilst penetrating the surface to a particular depth; studies carried out examining thin film 
adhesion, friction and fracture amongst others. Ruling is an application of this process taken 
up and refined in the realm of high-precision machining for the purpose of producing 
diffraction gratings and scales (like those found in microscope graticules). 
A phenomenological approach is now taken in describing the more frequently observed 
modes of ductile material removal; ploughing, cutting and delamination. Ploughing involves 
the plastic flow of material around the tool rake face resulting in a redistribution of material 
rather like the ploughing of a field in spring prior to the sowing of seeds. The furrow is 
thereby accommodated by a combination of elastic strain in the bulk, compaction of material 
beneath the tool and the upwards displacement of material to the sides of the tool forming 
two parallel ridges; this latter case will be more predominant when using a sharp pointed 
indenter-type cutting tool as in the study of sharp static indentation. Ploughing is evidenced 
in the work of Puttick and Hosseini (1980) where grooves -1 gm wide show no signs of 
fracture, no swarf but a rising of material at the sides of the groove and a smooth plastic 
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nature to the surface inside the groove. 
Cutting is distinguished by the 
removal of material usually in the form of a 
long chip anterior to the tool and sliding up 
the rake face and is much more efficient 
than ploughing. Separation of the chip from 
the underlying bulk (see Fig 2.22) is 
according to a simple shear stress ahead of 
the tool that is material and tool-geometry 
dependent; the shear plane is inclined from 
the cutting tip to the surface. The critical 
Fig 2.22 Chip removal during cutting 
negative rake angles ((x in the figure, below which this mechanism will not activate) are for 
copper -45°, for lead -60° and for nickel -70°. The tool used for the present work (see section 
2.6.1) had a negative rake angle of somewhere between -45° and -30° (Chao 1991, pp 68- 
69), so it is likely this mode of material removal featured strongly. 
Delamination is a process, observed for example by Puttick et al (1989), whereby a 
surface layer (according to Puttick et al 1989) behind the cutting tool is left in a state of 
residual longitudinal compression which causes it to bow up away from the bulk forming an 
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arch, as in Fig 2.23, and often becoming 
removed entirely from the workpiece in the 
nature of swarf. The exact nature of the 
material removed by this process is not 
known although it is made clearer by the 
results of cross section TEM in the present 
work. 
The single-point turning that the 
present work is based on was carried out in 
air without a coolant or lubricant and so a 
significant frictional heating is expected in 
Fig 2.23 Material removal by delamination both the tool and the workpiece. The 
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diamond tool would experience a rapid and quick increase in temperature becoming stable 
throughout the turning as a result of thermal equilibrium reached between the frictional 
heating and dissipative mechanisms. The workpiece would be subject to a temperature spike 
at the passing of the tool and maybe secondary spikes at subsequent but more remote passes. 
Chao (1991) calculated the temperature rise expected of a diamond tool tip during turning of 
soda-lime glass with a cut depth of 500 nm and a spindle speed of 4000 RPM (radius of cut 
30 mm, vertical force 0.01 N and coefficient of friction 0.4), based on the study of Churchill 
and Bernstein (1977) and Jaeger (1943), to be 2154 K. Farris and Chandrasekar (1990) 
measured the infrared radiation from the diamond tip during turning experiments to determine 
the temperature rise corresponding to a speed of 37 ms' and a depth of cut 10 µm to be 1543 
t 80 K. 
Diamond becomes plastic above a temperature of -1900 K (type Ha diamond) or 2100 
K (type Ia diamond); below that it is extremely brittle. The spindle speed used for the present 
work of 3000 RPM would be expected to give a temperature rise at least close to this 
transition temperature and the result of this would be an increasing wear rate of the tool tip 
and a subsequent blunting resulting in grooves not as sharp and narrow as at first. Chao 
(1991) demonstrated that the roof-edge tool used for turning silicon at 4000 RPM develops 
a facet of about 50 µm width that was before cutting a very sharp intersection of two planes 
with an equivalent radius of contact of -50 nm. 
Two significant differences between single-point turning and scratching, scribing or 
ruling are that the former involves the tool moving in a circular path which thus gives rise 
to an asymmetric stress field and that turning uses the principle of overlapping cuts to obtain 
a very smooth surface finish. The latter have the implication that each groove is subject first 
to the stress field of the tool that makes it and then by subsequent cuts. So in general the 
rather complicated situation is of each cut being in a material already modified and possible 
containing fracture sites and uneven material distributions, and each groove is subject to the 
influence of other cuts before and after it. In addition to this the high speeds associated with 
turning give rise to locally high temperatures that would possibly even melt the material 
surface region. In terms of fracture, cracks from contiguous grooves would overlap making 
possible the removal of material through chipping that would in a single scratch have been 
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a subsurface crack; as an example lateral cracks of one groove might intersect lateral cracks 
of the neighbouring groove. 
Chao (1991) carried out single-point turning on a tilted (111) silicon wafer so that the 
depth of cut increased as the tool was moved radially up the slope. A canoe-shaped diamond 
tool was used with a spindle speed of 3000 RPM and a cross-feed rate of -80 nm/rev (see 
section 2.6.1). He observed that there was a marked transition between apparently ductile 
turning and obviously brittle turning as viewed using SEM. The critical depth of cut at which 
this transition occurred was 0.5-0.8 µm. 
2.5.2 Multi-point cutting 
The process known as grinding has always been regarded as a process of multi-point 
cutting whereby a grinding wheel with either fixed or loose abrasive particles is moved 
relative to a work piece surface in which it is in contact under an applied normal load or 
force. An example of this is taken from Kunz (1886) who reports on the shaping of rock 
crystal: In Japan for many centuries rock crystal was used for the production of crystal 
spheres for the purpose of scrying or decoration. The initial stages consisted of rough 
chipping of the crystal using a small steel hammer to obtain an almost perfect sphere. The 
next stage would see the round crystal ground in a perforated, cast iron hemicylinder 
according to its size whilst using for abrasive, powdered emery and garnet with water 
lubrication and coolant. The final stage would be hand polishing of the now smooth sphere 
using crocus or rouge (finely divided haematite) together with a cloth until a lustrous finish 
was obtained. The whole process was extremely slow and laborious with one sphere taking 
many days to form. In France, Germany and the United States towards the end of the last 
century the same aim was achieved by starting with a rough lump of rock crystal and pressing 
it into a semicircular groove in a large rotating grindstone under a constant stream of water. 
Final polishing was done on a wooden wheel with tripoli (a fine grain mixture of earth, chalk, 
clay, iron oxide etc) or by means of a leather buff with tripoli or rouge. 
Ultra-precision grinding today requires a very stiff and accurate machine with a 
grinding tool with a very well aligned grid of fixed abrasive particles. In general a grinding 
wheel is used which consists of diamond particles bonded in a matrix which can be for 
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example metal or resin. The present level of ultra-precision grinding to be detailed in the 
following section is such that the tolerances in aligning the grinding wheel at the desired 
depth of cut with the workpiece surface are paralleled by the trueing (levelling of the (fixed) 
abrasive particles, usually by grinding or single-point turning the abrasive surface) of the 
wheel itself. This means that multi-point grinding with a very small depth of cut can be a 
process of single-point turning, by the highest abrasive particle on the wheel. In practice the 
situation is complicated by wear of the grinding wheel during grinding and abrasive particles 
becoming removed from the wheel bond. The lubricant is designed to cause the removal of 
these escaped particles before they cause too much damage to the workpiece, but on their exit 
they may cause anomalously deep grooves. 
Dressing, is a process of cleaning the grinding surface of the wheel to remove debris 
accumulated during use; traditionally this would be achieved by grinding a cleaning stone 
such as carborundum but recent developments allow continuous dressing during grinding. 
Electrolytic in-process dressing (ELID) involves applying a voltage between the (cast-iron) 
wheel and the specimen (or its mount); this causes the exposed iron in the wheel to become 
ionised in solution (in the lubricant) and hence the surface of the wheel is gradually removed. 
The removal rate of the wheel bond (iron) is dependent upon the voltage, and as this occurs 
old worn abrasive particles and debris are removed while new diamond abrasive particles are 
exposed for grinding. Hence wheel wear causes less of a disruption to machining with less 
down time and greater economical efficiency. 
Grinding is potentially a faster means of material removal than single-point turning 
but depends on the depth of cut. With a depth of cut similar in magnitude to the trueing 
tolerance of the grinding wheel then as mentioned above grinding will be effectively single- 
point turning and will be subject to the same mechanics as that process, giving it the same 
material removal rate. However when the depth of cut is much greater than the truing 
tolerance then grinding can be significantly faster than turning because the cutting particles 
constitute an area rather than a point. The finished surface will be characterised by a groove 
from the highest diamond of depth equal to its height above the mean truing plane for the 
wheel. These grooves will be spaced by the amount of translational motion of the wheel axis 
per revolution (feed rate) which effectively determines the removal rate. The feed rate is 
42 
Chapter 2 Background 
limited by the material response, too fast and material removal is brittle; the optimum is in 
practice determined by trial and error. 
Koepke (1972) ground a variety of brittle materials using two different grinding 
wheels, one was vitrified alumina and the other was diamond in resin bond. Using a depth 
of cut of about 25 µm it was found that many workpieces shattered while grinding. With 
silicon a burnishing effect was observed, a discolouration of the surface due to high 
temperature flow; although there results show a great deal of fracture. Abe et of (1992) is 
representative of the work in Japan on the problem of ductile mode grinding of brittle 
materials where they report the grinding of a 150 mm diameter silicon plate. They achieve 
a flatness of under 0.6 µm across the surface with a peak to valley parameter of 0.35 µm. 
They do not quote a depth of cut but their analysis using scanning acoustic microscopy 
(SAM) gives a depth of dislocation damage as less than 500 µm, with no evidence of either 
surface or subsurface cracks. Their roughness data was obtained using a laser beam 
interferometer with a spot size of about 10 gm, taking readings in a grid over the plate at 
intervals of 0.5 mm and 5 mm for the orthogonal directions. 
2.5.3 Surface roughness 
The roughness of a surface may be quantified through the use of certain parameters. There 
are at least 10 internationally standardized ISO parameters (BS. 1134, ISO 468) each a 
statistical interpretation of the surface features. Fig 2.24 shows a profile representing a typical 
.... 7 ........................ ..... -------------- . 
--------------------------------------------------------------------------------------------- L 
Fig 2.24 Schematic of surface roughness parameters 
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surface trace obtained from most scanning probe instruments. A comprehensive review of 
surface roughness characterisation can be found in Thomas (1982). 
R,,,. is the vertical (y) difference between the lowest valley and the highest peak in the 
length sampled (L). R. and RQ are defined as 
R. =Lf. L IY(x) I dx Rq =I fLo y2(x) dx 
2.23 
while R= is the average height difference between the five highest peaks and the five lowest 
valleys within the traverse length, L; 
Rz -S (Ei YP; -E i-i Yv) 2.24 
2.5.4 State of the art applications 
Recently Cranfield Precision Engineering (CPE) have developed (and marketed) the 
Nanocentre machine which is capable of both single-point turning and grinding; it has been 
in operation since August 1992 and was chosen as the Ultra Precision Machining Research 
Facility for the UK National Initiative on Nanotechnology (NION). A high precision multi- 
axis machine, the Nanocentre is smaller than the 7-axis machine used here and is capable of 
a relative tool-workpiece tolerance of approximately 10 nm, less than half of the older 
machine. It has been used to produce optical quality surface finishing in a wide range of 
glass, ceramic and metal components. Grinding incorporates CNC truing and electrolyte in 
process dressing (ELID), and has consistently produced nanometre levels of surface finish. 
Diamond turning is capable of sub-nanometre surface finish with levels of workpiece accuracy 
and slope previously unavailable. 
The same source (CPE sales literature) reveals the following quantitative machine 
capability assessment: 
Nanogrinding 
BK7 Optical glass 50 mm diameter sample 1.35 nm R. 15 nm R. 
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Silicon Carbide 32 mm diameter sample 1.74 nm R, 22.6 nm R. 
Zerodur 32 mm diameter sample 1.52 nm R. 18.9 nm R.. 
Further applications of grinding include ultra-precision mirror segments where for 
example CPE manufacture the OAGM 2500 machine capable of shaping mirrors up to 2.5 
mx2.5 mx0.6 m with a form accuracy of 2.5 µm. The edges of magnetic disks and 
semiconductor wafers are ground to reduce the likelihood of fracture, prevent adverse effects 
from any raised material at the edge and to make them more easy to handle. Typical 
tolerances are ± 10 µm in diameter and <5p. m in concentricity. Camshafts for internal 
combustion engines are ground by CPE machines to a profile accuracy of < 10 pm, where 
in this case the lobes, eccentrics and bearing surfaces are all ground at one set up. High 
precision spiral bevel gears, ceramic read/write computer heads and compressor turbine blades 
are amongst other components that are regularly ground to a final finish. 
Diamond turning 
Aluminium spherical mirror 100 mm diameter 150 mm radius of curvature form accuracy 
121 nm P-V Surface roughness 4.23 nm R. 94.7 nm R.. 
Optical Germanium 245 µm scan size 0.806 nm R. 9.85 nm R, a. 
Diamond turning has for a long time been used for the final surface finishing of 
aluminium substrates for computer memory discs (hard disks) and now roughness values of 
3 nm are typical over its surface. Progress in this area has been motivated by the financial 
gain attainable through the production greater memory discs although this is now limited not 
so much by the surface roughness and head-disc spacing as by the lateral size of the magnetic 
bits. 
2.6 Practice 
It has been shown through theory (Puttick 1979), indentation and scratch tests (Puttick et al 
1979) and by other SPDT experiments (Chao 1991, Puttick and Franks 1990, Scattergood 
1993) and grinding experiments (Dow and Scattergood 1990) that the critical depth of cut for 
ductile mode material removal for single crystal silicon is -0.2-0.8 µm for both [I I I} and 
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{100) surfaces. To maintain a cutting depth below this, a machine needs a high loop stiffness, 
precise and accurate control of workpiece and tool alignment and motion, temperature stability 
and vibration damping. 
2.6.1 Single point diamond turning 
The machine used for this work was developed by (Puttick et al 1989) and modified by (Gee 
et al 1988) and is shown in schematic form in Fig 2.25a and as a photograph in Fig 2.25b. 
Turning was carried out at the School for Industrial and Manufacturing Science (SIMS) at 
CIT by Dr A. E. Gee and Dr C. L. Chao. The workpiece was mounted on a vacuum chuck 
which was in turn mounted on a vertical axis hydrostatic air bearing spindle. The tool unit 
was attached to a vertically hinged leaf spring and was driven across the specimen by a cross 
feed mechanism. The main frame of the machine was a cast-iron box with a base block, 
pillars and top plate. The whole unit being mounted on a steel frame on four rubber load- 
bearing joints. 
The vacuum chuck Fig 2.26a was secured to the spindle by three allen key bolts which 
allowed for tilt adjustment so the workpiece surface could be made perpendicular to the 
spindle axis, and this alignment was monitored by a Michelson interferometer. Because of the 
thin nature of the silicon substrates used for this work direct mounting upon the vacuum 
chuck was not possible as the specimen surface would be warped too much by the suction 
force through the holes for the cutting depth to be maintained below the critical limit. As an 
attempt to overcome this the specimen was first mounted on a1 mm thick microscope slide 
with white wax of melting point 70° C by pressing at edges with tweezers. Developments 
in thin substrate mounting, for example the Logitec vacuum pressure bonding system, allow 
up to 83 mm diameter ultra thin wafers to be mounted with extremely high precision bond 
joints giving a minimum of warping. A more detailed view of the tool and tool holder is 
given in Fig 2.26b. 
The air bearing, made by Professional Instruments Company, Minneapolis, MN, USA, 
had a radial stiffness of 12 kg/pm, an axial stiffness of 36 kg/µm and with radial and axial 
runout both less than 50 nm. The tool unit incorporated the diamond tip mounted on a lead 
zirconate titanate (PZT) actuator which allowed fine control of the vertical position of the tip 
46 
Chapter 2 Background 
Cross-feed mechanism 
Cast iron box 
a) 
b) 
Tool arm 
00 
00 
00 
00 
00 
00 
00 
00 
00 
PZT actuator 
Fig 2.25 The schematic a) shows the layout of the turning machine, the tool arm 
attachment to the frame, the cross-feed drive, the depth actuator and the air bearing. b) is a 
photograph of the same machine. 
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Fig 2.26 Photograph a) of vacuum chuck shows circular groove dust traps and holes for 
vacuum suction. b) (after Chao 1993) is a view of the tool and tool holder. 
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by up to 30 pm. The actuator had an integral mirror allowing precise measurement of the 
position of the tip by using a Fizeau interferometer and a similar setup was employed to 
calibrate the hysteresis function of the actuator. This system allowed the position and 
movement of the tip to be determined to a resolution of approximately 10 nm. The tool unit 
was bolted onto the steel tool arm which tapered radially from its mounting on a corner of 
the box and acted like a leaf spring allowing the tool to be driven across the spindle face by 
a lead-screw which was driven by a dc motor through a reduction gear box. 
Setting up the machine before turning was critical as a misalignment of only 100 nm 
across the workpiece surface would be sufficient to change the material removal mode from 
ductile to brittle. First the tool feed mechanism was adjusted to parallel with the spindle 
surface and hence perpendicular to the spindle axis. For the wafers turned for this study the 
air-bearing spindle was set to a speed of 3000 RPM equivalent of a tool-workpiece speed of 
about 3 ms'. The first touch of the tool on the workpiece was determined by monitoring the 
diffraction patern from the interferometer. The work of Chao (1991) included a study of 
diamond tool wear as a result of turning. Five specimens were turned for analysis in this work 
and details of these are given in Table 2.4. 
Specimen # Surface Approx. area Approx. area Tool type 
orientation ductile turned / brittle turned / diamond 
mm2 mm2 
11 Si 001 5 150 inverted roof 
top 
S2 001 50 100 0.5 mm radius 
cone tip 
S3 001 80 nil inverted roof 
top 
S4 001 100 25 to 
S5 111 nil 600 
of 
Table 2.4 
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2.6.2 Grinding 
Grinding was carried out at Cranfield Precision Engineering at CIT on their seven axis ultra- 
precision grinding machine illustrated in Fig 2.27. The grinding tool was an inverted cup 
grinding wheel oriented through seven axes of relative motion allowing it to be positioned to 
a precision of ± 100 nm. For this work the tool-workpiece setup was as shown in Fig 2.28 
a, b with the workpiece held in a horizontal position and the grinding wheel rotating about 
a vertical axis passed over the surface. The workpiece was mounted on a vacuum chuck 
which was in turn mounted on top of a dynamometer used to indicate the first touch of the 
grinding wheel on the workpiece surface. The workpiece was always initially positioned 
within the annulus of the grinding wheel and then grinding was attained by the sliding of the 
workpiece beneath the wheel. 
In order to level off the abrasive particles on the grinding surface of the wheel a 
process of trueing is employed where by the grinding surface is ground itself by another 
grinding wheel giving a wheel run out of less than 250 nm as shown in Fig. 2.28 a). In 
addition to this a process known as dressing clears the grinding surface of debris and ensures 
a constant supply of abrasive particles. For the resin wheel dressing was achieved by pushing 
an alumina block against the grinding surface of the spinning wheel before grinding the 
silicon. A process of electrolytic in-process dressing (SLID) was operated with the cast iron 
bonded wheel. This entailed having a potential difference set up between the wheel and earth 
which then caused the electrochemical dissolution of iron ions from the wheel in to the 
coolant, resulting in the grinding surface bond receding and exposing new diamonds. 
It was originally aimed to make a single pass, removing 1iß µm from the surface of the 
workpiece. However, due to the dimensions of the workpiece, 25 mm x 25 mm x 'mm, it 
was not possible to mount it without warping of the surface. A vacuum chuck was used to 
mount the workpiece, with holes arranged in concentric circles and turned grooves to act as 
dust sinks. The surface of the workpiece when mounted is represented by the image shown 
in Fig 2.29 which was taken using a Kugler interferometer. The peak to valley maximum of 
approximately 0.7 p. m over the workpiece surface when mounted was typical of the four 
workpieces of similar dimension tested with this technique. This would give rise to only a 
small area of the surface being machined should only one cut of 1/2 µm depth be taken. It was 
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120mm 0 
Fig 2.28 The cross section of the grinding wheel in a) illustrates the tolerance of 
diamond aligning -25 nm and the depth of cut, in this work nominally 0.25 µm. b) shows the 
wheel in plan. 
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decided therefore to take multiple passes and to grind a minimum of 50% of the surface area 
of the workpiece. 
A total of 14 silicon specimens were machined by grinding to investigate the effects 
of different parameters upon the finished material, and details of these are given in Table 2.5. 
Details of the machining conditions are given in Box 2.1. 
3-D-plot of the surface 
tsLi le 
i ýýÄý1 
Unit; 
Micrometers 
PV : 8.696 
RMS: 8.181 
PTS: 5638 
TLT 8.889 -138.333 
Date : 11- 2-1991 
Time 12:? 7'4f 
Fig. 2.29 An interferometric image of the surface of a specimen whilst it was mounted 
on the vacuum chuck for grinding. This was taken using a Kugler interferometer and is 
typical of the surface bending of all the specimens checked using this method. 
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Experimental Techniques 
The main techniques are described in this chapter and details are given on the operation and 
specimen preparation required and also the information obtained. The storage of specimens 
and the process of cleaving them into areas of interest are covered in Appendices B1 and B2 
respectively. Details of the as-received wafers are given in Appendix A2. 
3.1 Surface profile by diamond probe 
By scanning a diamond stylus over a surface and recording its deflections due to the 
mechanical contact forces between the tip and the surface, a one dimensional profile of the 
surface can be obtained. This is the basic principle employed in the two instruments used for 
this work; a Talystep was used in the Electrical Engineering department of the University of 
Surrey and Nanosurf 1T was used at the National Physical Laboratory (NPL), London. The 
Talystep instrument was designed and built by Rank Taylor-Hobson Limited, who developed 
the first such profile machine, Talysurf I, in 1941. Nanosurf II was developed at NPL in the 
late 1980's by Lindsey et al (1988). The advantage of Nanosurf II over Talystep is that the 
former is constructed mainly from Zerodur (a glass ceramic with a very low coefficient of 
thermal expansion) giving it a higher temperature stability; in addition to this the motor drives 
can be decoupled from the measuring loop while scanning thus reducing the effects of 
vibration. 
Both instruments were operated with a 12.5 p. m radius conical diamond tip, its vertical 
movements during scanning registered by a variable air gap differential inductance transducer 
(the pick-up device). Magnifications of up to x 2,000,000 and a vertical resolution of better 
than 0.5 nm are attainable and this is aided by the instruments being mounted on vibration 
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damping tables; horizontal magnifications are x 50, x 200 and x 2,000. The stylus force 
exerted on the surface for the finest sensitivity is - 10 . tN. 
In operation, first the measuring table and the reverse surface of the specimen were 
cleaned to ensure flat contact. Scanning was automated with Nanosurf H with output 
presenting a de-trended one dimensional profile with R,, Rq and Ra. values, while Talystep 
required manual operation, including levelling of the specimen, and output a trace on grid 
paper from which R, could be determined. In practice the resolution of either instrument is 
limited by the signal-to-noise ratio, and so an as-received polished silicon wafer was scanned 
to give reference to this. R. and R. values obtained from the as-received wafer, irrespective 
of whether they are from surface roughness or the effects of noise, set an upper limit for the 
effect of noise in the measurement. Subsequent R1 and R, values obtained from these 
instruments are then subject to this error. 
The extent of damage introduced by the contact of the diamond tip upon the surface 
can be estimated by taking Hertz's theory of elastic indentation by a sphere as outlined in 
section 2.2.1. By making the approximation that the distortion of the diamond tip is negligible 
as compared to that of the silicon, i. e. E' is very large then Eqs 2.1 and 2.2 can be modified 
to give the maximum stress in the surface (po) and the depth of penetration (Z) as 
1/3 
Po 32 1 3RG4 
Z=[ R11ß [34F]ý 
where G is the compliance (N`m) of the silicon given by 
ýi - v) E' 
(3.1) 
(3.2) 
With typical values of the maximum load on the stylus during scanning of F= 300 µN and 
with v=0.27, E= 2x10" Nm-2, R= 12.5 µm the maximum stress induced in the surface is 
po -- 2.6x109 Nm'2 and the maximum scratch depth is Z-4.4 nm. For the minimum stylus 
force of 10 µN used while scanning the fine turned surfaces the same parameters are po - 8.3 
x 108 Nm 2 and Z-0.46 nm. This indicates that it is desirable to use the lower magnification/ 
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higher contact-force mode for levelling of the specimen in one region and then taking a final 
fine scan of the surface from an adjacent region else features of a few nanometres in size will 
be changed by the initial passes. The hardness of silicon is quoted by *** to be 11.27 x 109 
Nm 2 and this suggests the damage inflicted by the tip is small but as the surface is not flat 
small features would be modified by tip induced pressure during a scan. 
This technique required very little specimen preparation as the material was profiled 
in its square form direct from machining. The important consideration was that the back, 
unmachined, surface was free from dust, wax, or any other contamination that would affect 
the stable positioning of the specimen on the profilometer worktable. For this reason the back 
face was cleaned by wiping with blotting paper soaked in acetone. The machined face was 
cleaned from dust and other particles by using a compressed-air dust blower. It was important 
to record the area from which the traverse had been taken so damage features found with 
subsequent techniques could be uniquely attributed to the effects of the machining. 
3.2 Scanning Tunnelling Microscopy and Atomic Force 
Microscopy 
Both scanning tunnelling microscopy (STM) and atomic force microscopy (AFM) involve 
scanning a stylus (often raster-style) over an area of surface using piezoelectric actuators (eg. 
lead zirconate titanate (PZT) or lead metaniobate) and in some way measuring the deflection 
of the tip from point to point. 
The process of STM (Fig 3.1) involves monitoring the tunnelling current 1, between 
tip and specimen, which in a simplified form (Van de Walle 1986) is an exponential function 
of the tip-surface separation (s) and the specimen work function (0), 
It«exp(-AF4ý s) (3.3) 
where A is a constant. As the tip is scanned over the surface a voltage is applied to the 
vertical control actuator to keep the separation, and therefore the tunnelling current, at a 
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Fig 3.1 Essential features of STM 
feedback 
control 
display 
constant value. The correlation of X, Y 
position against , the point-to-point 
piezoelectric Z adjustment forms a two 
dimensional surface profile. The instrument 
used in this work was developed in the 
Electrical Engineering department of the 
University of Surrey (Hammiche et al 1991) 
and was operated with the assistance of Dr 
A. Hammiche. STM was invented by Binnig 
et al (1982 a, b) and a good reference to the 
theory and operation is Garcia (1987). 
STM requires conducting tips and 
these, for example those used for this analysis, may be prepared by etching a tungsten wire 
in potassium hydroxide solution so that meniscus formation and bubble dynamics create a tip 
sharp enough to allow atomic resolution. The exponential decay of I, with tip-surface 
separation results in only the closest atom in the tip to the specimen surface contributing to 
I, as the next farthest atom will give a negligible amount. Typical separation during tunnelling 
is 1 nm. 
In AFM with reference to Fig. 3.2 a 
laser beam is reflected from the top face of 
the cantilever allowing the deflections of the 
cantilever to be monitored as the stylus is 
scanned over and in contact with the surface 
(Erlandsson et al 1990). The specimen surface 
in ambient conditions will have a thin 
contamination layer composed of water and 
other ambient and post-production 
contaminants that will vary between 25 and 
500 A in thickness (Topometrix technical 
report 1993). As the tip is brought towards 
specimen 
laser 
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Fig 3.2 Topography measurement with AFM 
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the surface the initial force is attractive arising in part from van der Waals forces; with closer 
approach this force is neutralized and then dominated by the repulsive forces due to the 
electron orbitals in the tip and surface repelling each other. The tip may eventually break the 
surface tension of the contamination layer and be pulled strongly towards the surface. Typical 
measurable forces (Binnig et al 1986) acting on the tip are 10'15 N at room temperature where 
the limitation is due to thermal vibrations of the surface atoms, and 1018 N at 300 mK. Forces 
associated with interatomic bonding range typically from lo' N for strong ionic bonding to 
10.11 N for van der Waals. A Nanoscope II (made by Digital Instruments, Santa Barbara, 
California) AFM was used with the assistance of Prof P. Zhdan of the Materials Science and 
Engineering department of the University of Surrey. AFM was developed by Binnig et al 
1985 as a modification of STM and a general reference for background and modes of 
operation is Erlandsson et al (1990). 
AFM tips are usually made of silicon nitride on a silicon substrate cantilever, the ideal 
being very sharp, acute angled tips allowing a more true measure of surface features, 
especially those with steep gradients. A standard 50-55° conical tip was used in this analysis 
having a 10-15 nm radius apex. 
Both the AFM and STM instruments produced traces in the form of digitised files 
which could be stored in most modern types of image format. The AFM files were printed 
directly using a Mitsubishi colour wax printer while the STM files were transferred on floppy 
disc to a mainframe and printed via xv image software (copyright 1993 John Bradley, 
bradley@cis. upenn. edu) on a colour laser printer. 
Specimen Preparation 
A problem that is encountered when scanning silicon using STM is the oxide layer that grows 
on the surface of the material when exposed to air for any period of time (see section 2.1). 
All the specimens studied here were analysed up to 2 years after they had been machined, and 
so an oxide layer due to surface-ambient interaction was expected to be about 15 A thick 
(Raider et al 1975). During machining the high temperatures at the tool-workpiece interface 
would likely give rise to an oxide layer thicker than this. Other techniques (especially XTEM) 
give more direct access to the layer. Because STM requires a current to flow from the tip to 
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the surface and through the specimen the material must be conducting and silicon oxide is 
not. As the tip is lowered towards the surface the automated control does not stop its 
approach until a tunnelling current is registered and so with an oxide layer present the tip is 
driven into the layer, thus causing damage to the tip. Two choices are to coat the specimen 
with gold or to remove the oxide layer by etching in concentrated hydrogen fluoride and then 
to carry out the experiment in ultra-high vacuum (UHV). 
The peak to valley measurement of ground silicon is typically 100 nm and so a gold 
coat of - 10 nm would not affect too greatly the surface profile measured by the STM. The 
single-point turned specimens have surface features of a few nm and the gold coating proved 
too thick to allow resolution of these. In addition to this, the gold coating forms islands of 
typically 10 nm dimensions upon the surface making nanometre scale measurements very 
difficult. Time prohibited the approach of removing the oxide layer on the single-point turned 
specimens and it was found that AFM gave excellent results anyway without coating. 
Before coating, the ground specimens were washed in Alkone, using an ultrasonic 
cleaner to remove any grease or particles from the surface that would degrade the coating and 
subsequently the integrity of the measurement. A B&B evaporator was used for gold coating 
that required a vacuum of approximately 10'6 Torr to give an application of gold of optimum 
evenness. A thickness monitor was set up within the evaporating chamber that worked by the 
principle of crystal resonance to an applied voltage that would change as a layer built up on 
the surface altering its mass and hence its frequency response. This allowed layers to be 
applied to a tolerance of less than 1 nm. 
Specimens for AFM study were first washed with acetone in an ultrasonic bath and 
were then cut by scribing and cleaving into size to fit on a 10 mm diameter steel support disc. 
Mounting on the disc was achieved by first applying a single drop of cyanoacrylate adhesive 
to the disc and then pressing the specimen in place by contact at the edges with tweezers. The 
region of the small specimen to be studied was central, and so it was important not to make 
contact with this area while handling. 
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3.3 Optical Microscopy and Scanning Electron Microscopy 
Optical Microscopy 
Initial observations of the machined specimens were carried out with optical microscopy using 
a Zeiss Axiophot microscope; the 1/2 grn resolution was not adequate to image the features 
associated with single-point turned silicon but on the ground specimens individual grooves 
could be identified together with smaller grooves in between. The contrast was low and to 
improve this a method of imaging known as differential interference contrast (DIC) was 
employed (see eg. David and Galbraith 1976). This method gives contrast due to height 
differences on a surface; the grooves that could be resolved would therefore be visible as light 
and dark lines corresponding to peaks and valleys. 
Scanning electron microscopy 
For this work a Cambridge S250 scanning electron microscope (SEM) was used at the 
microstructural studies unit (MSSU) at the University of Surrey, and never gave a better 
resolution than 50 nm. In this instrument a fine electron beam is scanned raster-style over the 
specimen surface and a signal detected from the surface is passed in synchronisation to a 
cathode ray tube (eg. Chescoe and Goodhew 1990). The image is formed by different areas 
of the surface giving a different signal due to composition or topographical features such as 
roughness. Secondary electron imaging was used giving a better resolution than backscattered 
imaging and this entails detecting electrons emitted from the surface and subsurface atoms 
excited by the incident beam. Because the electron beam penetrates the surface and then 
disperses into the material, secondary electron emission corresponds to a larger area than the 
spot size and so the resolution and contrast are better at lower beam energies where the 
dispersion is less. 
From the machined specimen an area of typically 5 mm x5 mm was chosen to be 
studied, and this was cut out of the specimen by scribing and cleaving as detailed in 
Appendix A2 and was then affixed to a mounting stub by using double sided adhesive tape. 
The whole upper surface was then sputter coated with gold of about 20-30 nm thickness, and 
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silver dag was applied making contact between the coating and the stub. Subsequent to 
analysis specimens were stored in a desiccator still mounted so that later they could be 
reexamined in the SEM. 
Towards the end of this work a Hitachi 4000 SEM was used by courtesy of Kobe 
Steel, Ltd. at the University of Surrey research park and a Hitachi S4500 at Nissei Sangyo 
Co., Ltd., Wokingham. These are state of the art field emission instruments with resolution 
of better than 2 nm. A lower beam energy of 10 kV for the S4000 and 2 kV with the S4500 
was used allowing the specimens to be studied without gold coating but by mounting on a 
conducting carbon adhesive film without significant charging effects. 
3.4 Transmission Electron Microscopy 
3.4.1 Electron diffraction 
This section gives a concise account of electron diffraction, with particular reference to 
silicon, sufficient to understand the interpretation of the results presented later. 
An electron beam passing through a crystalline specimen, sufficiently thin so that 
absorption may be considered negligible, is in part transmitted without deflection and in part 
diffracted by the crystal planes. Bragg's Law can then be applied to the diffracted beam; 
2d sine =nA 
where X is the wavelength of the electrons given by the modified De Broglie relation 
(3.4) 
I=h (3.5) 
[2moeV (1 + (eV/2moc2))l Ig 
with E, t;,, =eV being the kinetic energy of an electron accelerated by an electric potential V. 
dw is the spacing between planes and for the cubic lattice is given in terms of the Miller 
Indices hkl as 
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diýt = aö / (h2+k2+12) (3.6) 
where ao is the lattice parameter and n is the order of the reflection. By convention (Goodhew 
and Humphreys 1992) n is set to unity and higher order reflections are defined as n=1 
reflections from the higher order plane, for example the n=2, (113) reflection is referred to 
as diffraction from (226) planes. As an example 0 for the first order (220) reflection in silicon 
for a 200 kV (X = 0.0251 A) beam is 0.9°, and so in practice Bragg diffraction will only 
occur for sets of planes lying within a few degrees of the incident beam, higher index planes 
having insufficient diffracted intensity to be useful. Eq 3.4 can therefore be simplified to 
Jl = 2dho . 
(3.7) 
Diffraction mode in the TEM allows these diffracted beams to be imaged upon a 
phosphor screen as shown simplistically in Fig 3.3 forming a pattern of spots, each 
representing diffraction from a particular set of (hkl) planes. The separation r between the 
transmitted spot and a diffracted spot is given in terms of the camera length L and the Bragg 
angle 0 as 
rý29L, (3.8) 
and so by combining this with equations 3.6 and 3.7 the diffracting planes and interplanar 
spacings can be inferred from the relationship 
r= Ll = 
Ll f(h2+k2+12). dhkl ao 
(3.9) 
Eq 3.9 may also be applied to diffraction from an amorphous material where the radii of the 
rings are measured for r, and then d can be considered as the mean atomic separation that in 
amorphous silicon is approximately 2.35 A (Street 1991). Conditions of diffraction are often 
represented by the Ewald sphere construction (see eg. Goodhew and Humphreys 1992) in 
which the crystal is drawn in terms of its reciprocal lattice. From the undiffracted primary 
beam spot the incident electron beam is drawn parallel to its direction in real space and of 
length I /X and then the Bragg condition is then equivalent to a circle of radius I /X 
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intersecting both the primary spot and 
another reciprocal lattice point. The 
reciprocal lattice vector from the origin to 
that point is then called g, and is of 
magnitude 11d. The thin nature of the crystal 
allows a broadening of the Bragg conditions 
allowing diffraction from planes not oriented 
exactly at the Bragg angle; the deviation of 
this condition from the exact Bragg situation 
is represented by the deviation vector s. 
Diffraction from a crystal is 
determined not just by interplanar spacings 
as in Braggs Law but also by interference 
effects due to the nature of the unit cell. By 
assuming weak single diffraction leaving the 
intensity of the transmitted beam unchanged 
Fig 3.3 Simplified electron diffraction 
the kinematic theory allows the intensity of the diffracted beam to be expressed as 
I=( 71 )2 sin2(n 
t. S) 
g ý8 (T<S)2 
(3.10) 
where t is the specimen thickness, s is the deviation from the Bragg condition and k8 is the 
extinction distance for the particular reflection indicated by g and is given by 
V cose 
g= nFg 
V is the volume of the unit cell and F. is the structure factor given by 
Fhkl =E f(e) exp(-2Ei g. r) 
(3.11) 
(3.12) 
where the r; are the fractional atomic coordinates of the i`h atom in the unit cell and f, {8) is 
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the atomic scattering amplitude for the atom i and so the structure factor is solely a function 
of the material. Destructive interference results in the diffracted beams from certain planes 
having zero intensity. The allowed (hkl) values for the diamond structure are those for which 
Eq 3.12 is non-zero, i. e. those for which h+k+l = 4n or 2n+1 and h, k, 1 are either all even 
or all odd; (111), (220), (311), (400), {331), {422), (511), (333), (440),.... (Heidenreich 
1964). 
Through Eq 3.10 the kinematic theory explains the phenomenon of thickness contours 
which are seen on many of the micrographs presented later as the intensity varies as sin? with 
t. Also explained by this are the fringes of varying intensity caused by buckling of the foil 
known as extinction contours and these are due to point-to-point changes in s. It should be 
noted that sometimes a strong diffracted beam will act as a primary beam and diffract a 
second time from a further set of planes producing a diffracted beam that may be forbidden 
by the structure factor. This is called double diffraction (eg. Loretto 1984, Thomas and 
Gorringe 1979) and an example is when the incident beam is aligned with the [011] major 
axis in silicon (diamond structure). In this example the (111) diffracted beam is further 
diffracted by (111) planes giving rise to an apparent (002) diffracted beam spot. 
Diffraction from a crystal may be represented by a Kikuchi map where the major axes 
are plotted in a similar fashion to stereographic projection (see section 2.1); hence tilting of 
the specimen results in translation within the Kikuchi map. Major axes are connected by 
Kikuchi lines which are the result of the elastic scattering of previously inelastically scattered 
electrons (see eg. Goodhew and Humphreys 1992). 
Phase contrast imaging 
In the case of the transmitted beam and one diffracted beam interfering to form an image, 
using the kinematic theory, the intensity producing contrast in that image can be shown 
(Hirsch et al 1960) to be given by 
I=i+ R2 - 2R sin (2d - tSt) (3.13) 
where R is equivalent to I. in Eq 3.10. This then produces phase contrast with the intensity 
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being periodic with a spacing corresponding to the lattice spacing and so results in lattice 
plane imaging. High resolution lattice imaging giving a representation of individual atomic 
sites is achieved by first aligning the beam with a major crystal axis and then allowing several 
diffracted beams and the transmitted beam to interfere. Certain crystal defects are then 
directly observable, edge dislocations for example may be seen as extra half-planes in the 
lattice. Point defects in general are not apparent as the image is produced by columns or 
planes of atoms parallel to the beam and so individual lattice sites are not uniquely imaged. 
A mixed dislocation will only appear as an extra half-plane if the dislocation intersects the 
foil where it is of edge type otherwise only distorted lattice planes around the core will be 
seen corresponding to mixed or screw nature. 
Diffraction from defects 
It can be shown (see eg. Hirsch et al 1965) that by using the kinematic approach the intensity 
of the diffracted beam from a crystal of thickness t containing a defect of displacement vector 
R is given by 
I8 = -z 
hr b fO exp(-2nig. ffi M(-2nisz) dz . 
9 
For a general (i. e. mixed) dislocation the displacement vector R is given by 
R=1 ft + bsin2ý + bxu ( 
1-2v + cos2ý )) 27c `4(1-v) 2(1-v) 4(1-v) 
(3.14) 
(3.15) 
where b and b, are the screw and edge components of the dislocation respectively, u is a unit 
vector parallel to the line direction and 0 is an angular coordinate in a plane normal to the 
line and measured from the slip plane. In the case of a screw dislocation b, =0 and b^u = 
0 and so 
bý R= 
2w 
(3.16) 
and the intensity Ig from Eq 3.14 can be made to vanish by choosing g such that g. b = 0. For 
67 
Chapter 3 Experimental Techniques 
an edge dislocation (b = b, ) having g. b =0 is generally not sufficient for the diffracted beam 
to have zero intensity as some contribution will come from the g. b^u term in Eq 3.15. 
However, this term is usually small giving only a minimum of contrast. 
3.4.2 Microscopy in practice 
A Jeol 2000FX operated at 200 kV was used, mainly with a tungsten filament, but later a 
LaB6 filament was installed giving greater brightness and coherence to the beam making 
lattice imaging possible. The main references used throughout are: Chescoe and Goodhew 
(1990) relating to practical microscopy operation, Hirsch et al (1965) and Thomas and 
Goringe (1979) for background theory and image interpretation. 
Electrons are generated through field emission and thermionic emission from the 
filament in a Wehnelt cap, and are accelerated through a series of lenses and apertures in an 
evacuated column to be incident upon the specimen. This is mounted in a double tilt specimen 
holder allowing rotation of approximately ± 35° about two orthogonal axes. The beam of 
incident intensity to passes through the specimen in part diffracted Id, in part undiffracted or 
transmitted I, and in part absorbed, which for thin < 50 nm silicon is negligible. 
Subsequent lenses and apertures allow for the focusing of selected beams on a 
phosphor plate. The main imaging modes are: 
Diffraction mode: the incident beam diffracted by crystal planes forms a diffraction 
(or spot) pattern in the back focal plane. This may be focused on the screen and gives 
information regarding the crystal nature of the specimen, its orientation and scattering 
directions (reflection vectors). 
Bright field usually applies to a two-beam condition where the objective aperture is 
placed to block out the diffracted beam and let through the transmitted beam so that 1, = to - 
Id. Contrast is therefore caused by regions of the specimen that due to foil buckling, thickness 
variation or defect cause more scattering away from the transmitted beam and is thus called 
amplitude contrast. 
Dark field: The objective aperture is positioned to let through the diffracted beam only 
so that Id= to - 1,. Contrast is due to local variational scattering out of the Bragg diffracted 
beam, reducing Id and so is also amplitude contrast. For amplitude contrast, both bright and 
68 
Chapter 3 Experimental Techniques 
dark field imaging, the contrast is greater with a smaller objective aperture. 
Phase contrast (lattice imaging): For HREM the specimen is oriented so that the 
electron beam is incident upon the crystal normal to a{ 110) plane as this direction allows 
imaging of the ( 111) planes that are the planes of greatest separation in silicon (3.135 A) 
and are within the resolution of the 2000 FX microscope. An objective aperture was inserted 
to allow through the 7 lowest order diffracted beams of the <110> pole, it being ensured that 
the pattern was symmetric about the transmitted beam that was centred within the aperture. 
An area of specimen was viewed which was deemed the right thickness to give lattice images. 
The image was viewed either at a magnification of 8.5 million using the telescope direct on 
the screen or at a minimum of 10 million using the electronic image enhancing system 
integrated with the microscope. It is necessary to minimise the objective lens astigmatism that 
will in general vary across the specimen. Towards the end of this work a Phillips 430T 
microscope was used at UMIST (University of Manchester Institute of Science and 
Technology) in an attempt to obtain more information from better lattice imaging. 
The resolution of a microscope is dependent upon its specification and also upon the 
electron beam parameters. The Rayleigh formula 
R=0.61 1 
a 
9 (3.17) 
gives the relationship between the size of the resolved object R, the wavelength of the 
electrons X and the effective aperture a of the objective lens. However, a is limited in 
practice by the spherical aberration AS, which is given by 
C. 
1 U3 
(3.18) 
where C, is the coefficient of spherical aberration of the objective lens. The result of these 
two conditions is that the minimum resolvable distance is given by 
AR,,, j. =B (1314) Cs14. 
(3.19) 
A and B are constants = unity, C, for the 2000FX is approximately 1.5 mm, and so at 200 kV 
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the point-to-point resolution AR;,, is approximately 2 A. This is the theoretical best and in 
practice alignment and integrity of lenses and apertures results in a value a little greater. 
Burgers Vector Analysis 
As detailed in section 2.1.2 the preferred system for dislocation slip in silicon is <1 l0>(111) 
and this means that for each of the (111) slip planes there can be one of three <110> burgers 
vectors. The implication of Eq. 3.14 for edge dislocations is that there are certain reflections 
where g. b =0 and the dislocation has a minimum contrast due to the nonzero g. bV term. In 
other reflections where g. b *0 the dislocation is clearly evident. It is therefore possible by 
a matter of elimination to determine the burgers vector (b) of dislocations by imaging them 
under different reflecting conditions (g) and analysing their visibility. 
It is important when analysing micrographs that certain standards are realised and 
followed consistently. The negatives need always to be studied with an appreciation that by 
reversing them effectively reverses the beam direction for analysis and that the negative when 
viewed with the text upside down matches the image on the microscope screen. It is possible 
for the slip plane of certain loop dislocations to be determined simply by inspection with 
reference to the coordinate system. 
Energy-Dispersive X-ray Spectroscopy (EDS) 
This technique uses the electron beam of a TEM to excite the atoms of a specimen, ionizing 
them and causing the emission of characteristic X-rays. A Phillips 400T in the MSSU of the 
University of Surrey was used at an accelerating voltage of 120 kV. The X-rays emitted are 
detected using a windowless lithium-drifted silicon, Si(Li), detector and the signal then passes 
through an amplifier and a multi-channel analyser (MCA) and a spectrum is output in terms 
of signal intensity against X-ray energy. This device is capable of detecting X-rays from 
atoms with atomic number as low as Carbon. 
Specimen Preparation 
The two TEM techniques employed have been to view the machined surfaces in "plan view" 
and in "cross section". Plan view entails cutting a3 mm diameter disc directly from the 
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machined specimen and then thinning from the unmachined side until the material is thin 
enough to be electron transparent. This allows the machining damage to be viewed normal 
to the machined surface and shows the traces of the diamond grinding particles or the single 
diamond in the case of diamond turning, together with the features within and between them. 
Cross section allows the machining damage to be viewed in a direction within the plane of 
the machined surface and shows how the damage penetrates the bulk material down from the 
surface. Details of the specimen preparation for both procedures are given below. The 
processes of polishing and of ion milling are covered in detail in Appendices B3 and B4 
respectively. For an overview of the standard techniques of preparing thin films for TEM the 
book by Goodhew (1984) is useful. 
Plan View 
From the 1" square machined specimen an area typically 3 mm x3 mm containing the region 
of interest was removed by the process of scribing and cleaving (Appendix B2). This was 
then affixed machined-side up to a glass microscope slide with black wax (melting point -- 
140-150 °C) and allowed to cool. Cooling of the wax could be accelerated by gently running 
cold water over it. 
This was then secured by means of two clamping screws onto the table of a Servo 
Products Company drill press. This machine was a high speed rotary drill allowing stepless 
adjustment of speed from 0-20,000 RPM. A3 mm internal diameter coring drill bit was used 
to cut discs from the specimen; first the adjustable head was lowered using a counterbalance 
lever, and the table positioned so that the bit was aligned with the specimen. With the bit in 
light contact with the specimen the depth scale was set to zero. Knowing the thickness of the 
specimen, the depth stop was set to a value greater than this. With the bit away from the 
specimen, Struers 14 .m diamond abrasive paste was applied to the specimen, and a small 
amount of lubricant was added. The drill speed was set to between 8,000-12,000 RPM and 
the lever lowered until cutting started. A weight could be placed along the lever increasing 
the downward force acting upon the drill bit, increasing the speed of cutting. It was found that 
with the lever parallel to the workbench and the weight set to zero, the cutting rate was -100 
p. m/minute. When the drill had cut through the specimen, a rapid increase in depth of about 
71 
Chapter 3 Experimental Techniques 
30 µm would be seen as the wax was penetrated. 
To study the specimen in the TEM required thinning the specimen it to about 50 nm 
whereby the electron beam would pass through without being significantly depreciated in 
intensity. The technique adopted was to polish mechanically first with decreasing grades of 
abrasive until the specimen was approximately 40 µm thick and then to carry out final 
thinning using an ion-mill. These procedures are described in detail in Appendices B3 and B4 
and the final form of the specimen is illustrated in Fig. 3.4. 
Fig 3.4 Plan-view specimen ready for TEM, showing machining lines on the upper face 
Cross Section 
The technique of 'sandwiching' was employed for making TEM cross sections whereby a 
section perpendicular to the machining grooves shows the regularity and periodicity of the 
grooves and the damage beneath them and a section parallel shows the damage "side ways 
on" along a groove. 
Once chosen, a rectangular area typically be 10 mm x3 mmwas cut, either parallel 
or perpendicular to the lay, including centrally the region of interest. Silicon strips of similar 
dimensions would already have been cut from an unmachined silicon wafer. Using M-BOND 
600 adhesive a sandwich was built up by gluing strips together with the two central strips 
being the machined sliver and an unmachined sliver, top surfaces together forming a central 
72 
Chapter 3 Experimental Techniques 
joint as shown in Fig 3.5. The sandwich 
of six slivers was then clamped in a 
screwable hose clamp (thumb screw 
device) and placed in an oven at 120 °C 
for 2 hours to cure the glue. 
A sandwich formed in this manner 
gives, when seen later in the transmission 
electron microscope, two important 
features: on one side of the central joint is 
the machined subsurface damage while on 
the other side of the joint an unmachined 
area. The latter side acting as a reference 
should show no damage, therefore giving 
confirmation that the specimen preparation 
procedure itself introduced no damage. 
The clamp was used while curing 
rEý 
'/ /h'iý'/ ýi ! i/ý/ý 
7 t-7 
Li, 
1 
Fig 3.5 Silicon sections glued for XTEM 
the sandwich so as to obtain joints as narrow as possible by squeezing the strips together. 
This is advantageous as narrow joints will give better edge retention during subsequent 
thinning, as the glue thins preferentially to the silicon. Using the clamp gives joints - 200 nm 
wide as compared to - 10 µm when unclamped. 
After curing, the sandwich was affixed with white wax (melting point - 100 °C) to 
a small aluminium block of and thinned using 40 µm and then 16 µm silicon carbide paper 
lubricated with water. Approximately 1 mm was removed from the first side giving a flat 
surface to the sandwich. The sandwich was similarly thinned from the other side until - 500 
µm thick. The sandwich was then affixed with black wax to a glass microscope slide and 3 
mm diameter discs removed using the high speed electric coring drill as already mentioned. 
The discs were then cleaned in trichloroethylene and thinned to electron transparency 
by polishing and ion milling as detailed in Appendices B3 and B4 to specimens of the form 
shown in Fig 3.6. 
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Fig 3.6 Cross-section specimen ready for XTEM shows bonded joints and dishing 
3.5 X-ray Photoelectron Spectroscopy (XPS) 
This technique involves exciting the surface of a specimen with an X-ray beam and detecting 
the electrons that are emitted from the atoms within about 9 nm of the surface using an 
electron spectrometer. The number of emitted electrons plotted graphically as a function of 
their energy is then a spectrum that exhibits the chemical composition of the analysed 
material (see eg. Watts 1990 or Brundle et al 1992) 
The measured kinetic energy EA: of an electron is then related to its binding energy E8 
in its parent atom, the material work function c and the photon energy by through the 
equation 
Ell = hv - Ek -0 (3.20) 
The binding energy uniquely defines the atom and the level within that atom from which the 
electron comes as illustrated in Fig 3.7. The chemical environment of the parent atom, for 
example whether it is in pure form or bonded to other atoms of a different atomic number, 
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will result in a variance of the binding 
energy; this difference can also be measured 
and the chemical composition of the 
specimen surface determined. 
The intensity I of electrons emitted 
from a depth d is given by the Beer- 
Lambert equation as 
ejected is electron 
vacuum 
Fermi level 
//4////// 
valence band 
2p +---"- incident X-ray 
2s 
I=I. exp(-d / )lsinA) (3.21) 
where to is the intensity from an infinitely 
1 
Is !, e' . 
UlicK civic, JUUJU4LC auu v 15 UIC ciec[IOn Fig 3.7 Electron excitation by X-ray in XPS 
take off angle (i. e. the angle that the path of 
the emitted electron makes with the surface). If a surface layer is present on the specimen of 
thickness less than the resolution depth of the technique (about 9 nm for AIKa X-rays) then 
this equation can be manipulated in such a way as to allow the determination of the 
approximate thickness of this layer. The working is given in Appendix Cl and the form used 
to measure the layer thicknesses is 
d=I sine ln(IIý'ý + 1) (3.22) 
suAstrate 
where I is the intensity of the respective peaks of the spectrum obtained experimentally. ?, 
is the electron inelastic mean free path in the layer or, to an approximation, in the substrate, 
and is given (Briggs and Seah 1990, Chapter 5) in terms of the atomic volume a3 and the 
electron kinetic energy E as 
S ý2a 
+ 0.41 a (a E)112 (3.23) 
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The instrument in the Materials 
Science and Engineering department of 
The University of Surrey was used with 
the assistance of Dr J. F. Watts and Mr 
S. Reeves of that department. The setup 
was as shown by the simple schematic of 
Fig 3.8. The Ka,, X-rays were used from 
an Aluminium source having an energy 
of 1684 keV. 
The technique required only the 
cleaning of the specimen once it had 
been cleaved into a size of about 1 cm 
square; trichloroethylene was used to 
remove grease and other contaminants 
from the surface. 
Fig 3.8 XPS experimental layout 
3.6 X-Ray Topography 
The analysis of the machined specimens by X-ray topography was carried out in conjunction 
with Dr M. Moore and Mr R. Waggett of the Physics Department, University of London 
(Royal Holloway and Bedford New College). There are several methods of X-ray topography 
(XRT) and details of these can be found in Meieran (1969) and Tanner (1976), however the 
method used in this work was that of Lang (1957,1959), and this is described below. 
Only as-received wafers and ground ( 111) specimens (#5 and #10) were studied using 
this technique and they were sufficiently thin for the transmission mode, section topography, 
to be used. The experimental arrangement is shown in the schematic of Fig. 3.9 where a beam 
of Mo K X-ray radiation is passed through a slit, and is diffracted through the specimen 
exposing a photographic emulsion (the two Mo K. emissions are Ka, = 17.3743 keV and Kim= 
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17.47934 keV (Weast 1974)). The width of the slit determines the size of the illuminated area 
of the specimen, and the Bragg angle of diffraction determines the . size of the exposed area 
of emulsion. 
Hence from the figure, with a being the distance between the X-ray source and the 
specimen, and using a narrow beam, the following expressions hold, 
AB =t sec(8 - a), w=t sec(9 - a) Sin29 . 
The horizontal magnification can then be written as 
sec (9 - a) SWO 
(3.24) 
(3.25) 
and the vertical magnification as 
(a + b) 
a 
9 (3.26) 
a little greater than unity where a is the distance from the source to the specimen, about 3 m. 
Fig 3.9 X-ray diffraction in XRT 
A fine grain nuclear emulsion allows 
image magnification using a travelling 
microscope. Contrast is formed through the 
diffraction of the beam by the crystal 
structure such that local lattice distortion 
caused by elastic strain or crystal defects 
will scatter the beam, resulting in a lower 
intensity in the image corresponding to that 
region. Perfect crystals give rise to a further 
phenomenon called Pendellosung fringes 
(Kato 1961). To clean the specimen surfaces 
a small amount of acetone was made to run 
over both the machined and unmachined 
sides and this was dried and any dust removed using a compressed-air blower. 
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3.7 Rutherford Backscattering Spectrometry 
Rutherford backscattering spectrometry 
(RBS) is a nondestructive technique for 
investigating the atomic nature of the 
surface and subsurface of a solid material; 
an ion beam typically 1.5 MeV He is 
incident upon the specimen surface such 
that the beam direction is parallel to a 
major crystallographic axis (zone axis or 
pole), a mode known as channelling. As 
illustrated in Fig. 3.10 a proportion of the 
ions in the beam are backscattered through 
coulomb interaction with nuclei and are 
detected by a scintillator detector. 
The differential cross section for this 
interaction is 
Fig 3.10 Ion scattering by specimen in RBS 
da 
=(Z E)2 (4 4) (X + cose) X sin e 
(3.27) 
where Z, and Z2 are the ion and nucleus atomic numbers, E is the incident ion kinetic energy, 
8 is the scattering angle and X is given by 
X= (1 - r2 sin2A)ln , r=M, /MZ 
(3.28) 
where M, and Mz are the masses of the ion and nucleus respectively. This expression gives 
the number of ions scattered to a solid angle dß at an angle 0 about the axis of symmetry. 
The energy of the backscattered ion is dependent upon the angle of scattering, which 
is constant for a fixed detector, and upon the depth of the scattering event. The ion will lose 
energy as it passes through the target in both directions and tables of energy loss as a function 
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of distance are given in Chu et al (1978), Burenkov et al (1986) and Ziegler et al (1985). The 
number of ions detected is collected as a function of their energy using a multi-channel 
analyser (MCA) which is calibrated against a standard sample. 
A spectrum corresponding to perfect 
(or virgin) silicon crystal is shown in Fig. 
3.11. The right-hand edge or peak is caused 
by scattering from the surface oxide 
(amorphous), the top layer of silicon atoms 
and those atoms in columns parallel to the 
beam that are exposed due to their thermal 
vibrations. There are few counts at lower 
energies indicating almost perfect crystal to 
the maximum depth measurable. The 
presence of an oxide layer on the surface 
would give rise to a peak at a lower energy 
than the surface peak of the virgin material; Fig 3.11 Typical spectrum for virgin crystal 
as a result of Z2 and M2 being lower for 
oxygen than for silicon and so decreasing the energy of ions detected at angle 0. 
The presence of subsurface disorder will increase the counts at intermediate energies. 
It has been shown (Glaser and Wesch 1988) that different types of crystal defect can be 
identified using RBS although this was not possible with the present instrumentation as 
temperature dependent analysis was not facilitated. A comparative study of the merits of 
TEM and channelled RBS is presented in Sadana et al (1980) in the context of P* ion 
implantation damage in (111) silicon wafers. 
For this study a van der Graff generator was used as an ion source from which a beam 
was extracted and focused to a circular cross section of nominally 1 mm2 over which the 
intensity distribution was uniform. Two different ion beams were used either 1.5 MeV 4He+ 
ions with a beam current of 50 nA or 1 MeV 'H+ ions at 30 nA. A 4He+ beam is standard but 
the 'H+ ions penetrate further giving information to a greater depth but as a result of this extra 
penetration the depth resolution is poorer than for the 4 He+ ions. 
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The RBS system in the Electrical Engineering department at Surrey University was 
used and was operated in conjunction with Dr C. Jeynes of that department. The specimen 
was fixed to the goniometer using one metal spring clip and the unit was placed in the 
reaction chamber where the detector was positioned to receive 160° backscattered electrons. 
The experiment was run from the control office as the beam generation and parameters, the 
movement of the specimen and the spectrum collection and analysis was controlled by 
purpose built computer hardware and software. The MCA was calibrated by taking a spectrum 
from a standard sample also attached to the goniometer and then the specimen was moved 
into the beam and oriented until channelling took place. 
Specimen preparation consisted of surface cleaning by passing a small amount of 
acetone over the machined face and blowing dry and removing dust with a compressed-air 
dust blower. 
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Results 
As-received, single-point turned and ground specimens are detailed in sequential sections in 
terms of their respective surface and subsurface regions. It is stressed that surface traces and 
micrographs shown are representative of a large number, those included here being judged 
typical, but even so the total amount of surface analysed per specimen is very small compared 
with the whole specimen. In the course of the XTEM study some observations were made on 
the nature of amorphisation due to ion-milling, an appreciation of which is essential when 
using this technique to characterise surface layers of nanometer scale thickness; this is 
detailed in Appendix B4. The illustrations for the results are at the end of each section. 
4.1 As-received wafers 
4.1.1 Surface 
The surface profile is demonstrated by the traces taken using the Nanosurf II and Talystep 
instruments shown in Fig 4.1.1 a) and b) corresponding to scan lengths of 25 µm and 50 µm 
respectively; roughness parameters from both are given in Table 4.1.1. No other profiling 
techniques were used on as-received wafers. 
The vertical height of surface features measured subsequently on other specimens is 
subject to the following uncertainties: Nanosurf II, R, . ±0.7 nm, R. ±0.1 nm, R. ±0.1 nm; 
Talystep, R,. ±0.7 nm. 
An XPS survey spectrum corresponding to a take-off angle of 450 is shown in Fig 
4.1.2; this shows peaks due to Carbon (C1 s), Oxygen (O1 s) and Silicon (Si2s and Si2p) as 
indicated on the figure. The silicon 2p peak (inset) is constituted of two sub-peaks, one with 
a maximum at 99.8 keV due to electrons from the elemental silicon and another at 103 keV 
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due to the silicon in the oxide layer as indicated on the inset of that figure; using the relative 
intensities of these sub-peaks (76% from elemental silicon and 24% from oxide silicon) in the 
modified Beer-Lambert expression (Equation 3.22) the thickness of the silicon oxide layer is 
estimated as 0.42 nm. 
Nanosurf 11 
Scan length, µm 25 µm 
R. 
ax+ 
rim 
R nm 
Rq, nm 
0.73 
0.07 
0.08 
Table 4.1.1 
Talystep 
=Mmmwlmmý 
50 µm 
0.5 
0.1 
By tilting the specimen in order to change the take-off angle and subsequently the 
relative amounts of elemental silicon to oxide silicon contributing to the spectrum an 'angle- 
resolved' analysis can be made. Fig 4.1.3 presents this data in terms of the silicon 2p sub- 
peaks where a distinctive cyclic variation in intensity of the elemental subpeak is present 
through the range. This is due to diffraction of the electrons as they pass through the 
crystalline substrate on exiting the specimen; the oxide silicon sub-peak does not exhibit this 
fluctuation, although the very thin nature of this oxide would probably not allow this 
diffraction anyway. The elemental subpeak shows also an increase in intensity with increasing 
angle and this is due to the greater amount of elemental silicon sampled with less acute 
angles. The oxide layer thickness is then plotted as a function of polar angle from 30-90° in 
Fig 4.1.4; it varies between 0.46 nm and 0.55 nm giving a mean value of 0.52 nm ± 0.04 nm. 
Carbon is always detected on specimens not prepared in-situ UHV: its source is hydrocarbon 
matter present in trace amounts in the atmosphere which becomes chemisorbed on exposed 
surfaces. 
82 
Chapter 4 Results 
4.1.2 Subsurface 
Cross section micrographs demonstrating the nature of the as-received material are 
shown in Figs 4.1.5 a and b; the former is in diffraction contrast with g= [111] as shown. 
The contrast is typical of this specimen in other reflections where the only features are 
thickness contours slightly curved due to a slight curvature of the foil due most likely to its 
thin nature. A dark line is present at the interface between the crystal and the glue joint due 
to the transient nature of the material at that juncture; dark on a printed micrograph represents 
sub-ambient electron intensity and hence a region of greater scatterring or absorption. The 
lattice image shows (111) planes extending to the glue and presenting the dark line of contrast 
on the crystal side of the interface; the edge is very regular with no distortion apparant, 
indeed no lattice defects were seen at all on this material. The fringe separation as measured 
from the micrograph is approximately 3A but this figure depends on the calibration of the 
microscope which is nominally quoted as ±1 % at 250K magnification. The region of crystal 
shown here is in contact with the glue joint and so gives a reliable indication of the nature 
of the specimen surface (in cross section). Regions detatched from the glue may not have 
maintained their original form since they have been exposed to ion-milling; more about this 
is given in the discussion and in Appendix B4. 
The RBS analysis is demonstrated by the spectrum of Fig 4.1.6 where a small peak 
is evident at the right hand edge corresponding to the surface disorder discussed in section 
3.7 and the presence of an oxide layer. Beneath that, there is no indication of damage or any 
form of disorder or impurity, the background being due to imprecise crystal alignment for 
channelling. 
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Fig 4.1.1 A typical surface profile of an as-received silicon (001) wafer taken using a) 
Nanosurf II at the NPL, London and b) a Talystep instrument. Inset in a) are statistical details 
of the trace. 94 
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Fig 4.1.2 XPS spectrum of an as-received wafer showing a) the survey spectrum and b) 
the silicon 2p peaks. A very small carbon 1s peak indicates the very clean surface. Electron 
escape angle = 450. 
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Fig 4.1.3 The silicon 2p twin peaks for the as-received wafer are presented here in a 
compound angle-resolved spectra, a); there are 16 traces each separated by 40 in take-off 
angle from 300 to 90°. The cyclic variation in intensity is thought to be caused by the 
phenomenon of electron microdiffraction and is plotted more lucidly in b). 
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a) 
b) 
Fig 4.1.5 An as-received wafer is shown here in diffraction contrast a) where the 
diffraction vector g= ±i[ 111 J and in the [011 ] lattice image b) showing (111) planes. 
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Fig 4.1.6 RBS of an as-received (001) wafer is typical of single, undamaged, crystal with 
only very little surface dissorder. The latter due mainly to surface reconstruction including 
any oxide present; the oxide layer being too small to allow resolution of an oxide peak. 
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4.2 Single point diamond turning 
The quality of turning varies considerably over the surface of all specimens, from regions of 
severe brittle cutting to regions where the turning is very fine and ductile for upto 5 mm 
radially. Very often the brittle regions have been known at the time of turning to have been 
accidentally cut too deep in which case they do not indicate the overall quality of turning. 
This study however is aligned more to assessing the nature of material removal and the effect 
of the surface after turning rather than assessing the quality of the surface finishing 
technology as this was done by Chao (1991). So all regions are reported with equal weighting. 
4.2.1 Surface 
The surface nature can be split into two categories, namely regions showing grooves, and 
regions not showing grooves but some definite surface modification due to the machining 
process. 
Regions with grooves 
The two SEM micrographs constituting Fig 4.2.1, courtesy of Chao, are of a turned 
silicon (001) wafer from a previous study (Chao 1991) using the same turning instrument 
under similar conditions to the present. They are presented here because they show very 
clearly the nature of the turned wafers where the material removal has been in a ductile mode. 
The individual grooves have a spacing of 93 ±8 nm and swarf is seen on the surface in both 
particulate or spiral (bottom left hand corner) form. Similar features are seen in Fig 4.2.2a of 
specimen #1 where the turning is not so consistent as in the previous figure; areas of several 
square mm are turned with the very fine grooves visible in the upper half of this figure but 
there are frequent arcs within this of more irregularly cut material. These fine grooves never 
show any sign of brittle fracture. Swarf is present in both particulate form and as quite large 
chips several microns across as well as strips of partially attached swarf at the sites of 
irregular cut. The very fine grooves vary in their spacing from about 130 nm upto 300 nm; 
in Fig 4.2.2a they are about 220 nm apart whilst in the accompanying micrograph of 
specimen #3 they are 135 nm apart. This latter figure was taken using the Hitachi S4500 and 
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shows a region where the fine groove spacing is becoming more stable to the right of the 
micrograph. With this greater resolution the grooves appear to be not so even as in the 
previous figures with depressed and elevated regions along their length and with finer parallel 
lines a few nanometres apart running along the inside. 
A different type of groove exists (Fig 4.2.3) with a spacing of approx. 8 µm that 
covers several square mm. This is associated with more severe material removal and the swarf 
in that figure is larger and more brittle in apearance than on the finely turned surfaces. There 
is a band of damaged crystal delineating each groove that contains brittle-like features 
although it is not possible to specify wether this band corresponds to the bottom or edge of 
a groove. Within each groove are other smaller grooves two of which consistently appear in 
each groove in the same place relative to the band of damage. This is strong evidence that 
8 µm periodicity does correspond to a single pass of the cutting tool. A further possibility is 
that each of these large grooves may not be individual groove at all but rather regular deep 
grooves in a field of finer grooves, the deep grooves corresponding to the brittle bands. This 
would imply a resonance in the instrument causing the tool to penetrate deeper every 8 pm, 
a frequency of approximately 1 Hz (based on the spacing of the finer grooves). In addition 
to the fractious bands there are several isolated fracture sites of about 4 pm in size that may 
be chip cavities or localized delamination. The second micrograph in Fig 4.2.3 is of a 
transition from grooved to non-grooved surface via a region of highly fractious material 
containing striated chip cavities of several tens of microns size and loosely compacted swarf. 
Regions without grooves 
A considerable area of turned crystal possesses a glassy surface finish (Fig 4.2.4 a and b) that 
shows no directionality and appears to contain small particles a few microns across as if they 
have become immersed in the surface. This glassy nature is associated with high temperature 
effects suggesting that the silicon melted during turning and solidified in a glassy phase 
containing swarf, possibly crystalline, that had not melted. 
Nanosurf II was used to measure the surface roughness of specimens #S 1 and #S2, the 
trace shown in Fig 4.2.5 being representative of both is from #S 1. Surface roughness 
parameters are presented in Table 4.2.1 where it can be seen that the traces show a surface 
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finish of R. < 0.4 nm which is very close to the noise level of the instrument. No grooves or 
other regularly spaced lateral features are resolved but a waviness on the scale of 
approximately 50 µm is evident. The R. is less than 2 nm for the individual features but is 
-4 nm over the whole trace due to this waviness. 
Nanosurf II 
Single point diamond turned 
#S1 #S2 
Scan length, µm 49 49 
Rm, x, nm 0.8 1.4 
R nm 0.26 0.21 
Rq, nm 0.32 0.25 
Table 4.2.1 
Surface profiling carried out using AFM is displayed in Figs 4.2.6 and 4.2.7. The 
former shows three scans a), b) and c) of specimen #S4 at increasing magnification and 
adjacent to each trace is a statistical interpretation of the surface features; values for 
roughness parameters and groove width are summarised in Table 4.2.2. The latter figure gives 
the profiles in a clearer format that can be more readily compared with profiles of grinding 
later in this chapter. 
Atomic force microscopy 
Single point turned #S4 
Trace a Trace b Trace c 
Scan length, µm 9.856 4.983 1.001 
R., x, nm 5.62 6.92 3.64 
R Mn 0.66 0.78 0.68 
RZ, nm 4.96 5.86 2.58 
Groove spacing, nm 304 314 336 
iabl 
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A study of the surface composition using XPS is demonstrated by the survey spectrum of Fig 
4.2.8 II at a 45° take-off angle. Both the carbon Cis and the oxygen Ols peaks are 
significantly greater in intensity relative to the silicon Si2s and 2p peaks than on the as- 
received wafer. Figs 4.2.8 I and III are for the same specimen but at 15° and 90° respectively. 
A first remark to make about this is that there is a thicker oxide layer on the surface and 
more carbon-based contamination than on the as-received. A measure of the oxide layer 
thickness from the silicon 2p sub-peak intensities are 0.73 nm (15°), 1.24 nm (45°) and 1.36 
nm (90°); equation 3.22 takes into account the take off angle and so the calculation should 
be angle-independent but clearly from these traces it is not. One possible reason for this is 
the effect of diffraction that was also encountered in experiments on as-received material. The 
experiment was carried out again recording at every 2.5°; the combined spectra are shown in 
Fig 4.2.9 a) and summarized in b) and the corresponding oxide layer thickness calculated 
using equation 3.22 is illustrated in graphical form in Fig 4.2.10. The oxide layer thickness 
as calculated varies between 1.19 nm and 1.48 nm and gives a mean value of 1.40 ± 0.1 nm. 
4.2.2 Subsurface 
Cross section study using TEM has yielded the following picture of the general state of turned 
specimens: the surface region to a depth of several hundred nanometers (depending on turning 
parameters) consists of amorphous material (this is shown by X-ray analysis to be almost 
entirely silicon and is therefore referred to as such); beneath this is crystal silicon that 
contains dislocation damage to a depth of again several hundred nanometers beneath which 
the crystal becomes undamaged. On all specimens there is a region of amorphous material 
above the first amorphous zone and this is the glue used to bond the cross section sandwich 
together; it gives a more grainy contrast than the first amorphous layer. Fig 4.2.11 a) is a 
general view in acute perspective showing the glue thinned to a wedge by ion milling and 
containing a bubble, then the clear transition to the amorphous silicon followed by the crystal 
containing dislocations and thickness fringes delineating the turned surface with grooves; the 
schematic b) illustrates these different features common to all turned specimens. 
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The specimens studied fall into two categories: those that show regular clear 
dislocation arrays in the subsurface crystal region combined with a surface roughness of a few 
nanometers; and those that show a very dense and irregular distribution of dislocations with 
occasional cracks from deep grooves. These are subsequently referred to as ductile and brittle 
turned specimens respectively and shall be detailed hence. 
Ductile turning 
Fig 4.2.12 illustrates a region typical of all the ductile turned specimens; three different 
diffracting conditions a) g= [002], b) g=[ 1111 and c) g=[ 111 ] show the variation of 
contrast with beam conditions. The appearance of the dislocation loops at the condition taken 
as giving 'invisibility' is that of b). The dislocations are seen predominantly on one set of the 
( 111 ) slip planes, i. e. (111), with infrequent activation of slip systems on the conjugate (111) 
plane and even less often on the (111) and (111) planes. The burgers vector of the loops in 
this figure is determined to be b= ±1/2 [101]. 
In some areas slip has been observed on the other members of the general slip system 
for silicon; namely on the (111) planes conjugate to the predominant (111) planes and to a 
much lesser degree on the (111) and (111) planes. Dislocation loops on the (111) and (111) 
planes are shown in stereo in Fig 4.2.13. Fig 4.2.14 shows a section where dislocation loops 
are seen on the (111) and (111) planes containing the beam direction vector, in this 
micrograph special printing conditions have led to the transition between crystal and 
amorphous silicon being untruly sharp and abrupt. This artifact of printing does make clear 
an interesting point that the free surface is often much less rough than the underlying crystal 
as a result of the amorphous layer. 
This amorphous layer is often seen to contain regions of swirling contrast, as 
illustrated in Fig 4.2.15. The lattice image shown in Fig 4.2.16 is from an area typical of the 
interface between crystalline and amorphous silicon as in the previous diffraction contrast 
images. 
The boundary 
between the amorphous silicon and glue is shown in a x1,500,000 diffraction contrast 
micrograph in Fig 4.2.17 to differentiate between the two different transitions: 
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crystal/amorphous silicon and glue/amorphous silicon. The glue is amorphous but in 
difrraction contrast has a slightly more grainy appearance than the amorphous silicon. 
Plan view specimen #S 1 shows in Fig 4.2.18 regularly spaced strips of contrast every 
150 nm corresponding to the groove spacing and within the contrast triangular shaped regions, 
most probably dislocation loops of typically 50 nm in dimension. The contrast on the 
specimen was very poor and hence no higher magnification micrographs were taken; this 
effect is consistent with the surface being covered by an amorphous layer several tens of 
nanometres thick. The triangular features are possibly dislocation loops although a systematic 
burgers vector analysis was not carried out due to the poor contrast, however comparing the 
image to a cross section of turned silicon it is clear that these features are much smaller than 
the dislocation loops seen in section. This can be explained by the foil being too thin to 
contain the entire damaged layer or that this particular region of specimen actually contained 
very little damage. 
Brittle turning 
Specimen #S5, a (111) wafer, has an amorphous silicon layer of typically 500 nm thickness 
as demonstrated in Fig 4.2.19 a), and this contains within it many crystalline regions a few 
tens of nanometers in dimension; in addition to their giving diffraction contrast these regions 
are judged crystalline by the diffraction patterns obtained from the layer, as shown in Fig 
4.2.19 b). The concentration of these crystalline particles varies as ilustrated in the above 
micrograph, with some areas void of any; the presence of flow-lines in this layer also is 
associated with a low density of the crystalites. 
The crystalline region directly beneath the amorphous layer in Fig 4.2.20 a) contains 
a high density of dislocations; within 250 nm of the crystal-amorphous boundary the damage 
is too dense to resolve single dislocations and has the appaerance of being 'almost 
amorphous'. Within this region the (111) slip plane is highly active with much slip parallel 
to the turned surface. Occasional deep grooves are seen, and the example in Fig 4.2.20 b) also 
shows a crack running normal to the original surface with very likely another crack twice as 
deep although this last cannot be unambiguously distinguished; around such grooves the 
damage is most accumulated and penetrates the deepest. 60° dislocation loops open at the free 
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surface of the foil on { 111 } planes are the general form of damage beyond the very dense 
regions to a depth of upto 800 nm; beneath this no damage has been observed. 
The RBS analysis was carried out 
on specimens #1 and #2 and typical 
spectra are shown in Box 4.1 and Box 
4.2. The spectrum for #1 shows a broad 
peak at the high energy end 
corresponding to a layer of crystal 
damage of about 220 nm thickness but it 
is not possible to identify the exact 
nature of the damage. The spectrum for 
specimen #2 shows a narrower peak 
corresponding to a depth of damage of 
I Ou:, 
iii', 
Channel Numhir 
Box 4.1 RBS spectrum of specimen 
3 >U 
#1 
about 100 nm and a peak at the energy with surface damage peak 
characteristic of oxygen. This shows the 
presence of oxygen corresponding to a silicon oxide layer of about 20 nm. Hence the wafer 
turned with the 0.5 mm diameter (blunt) 
cone contained less subsurface damage 
but a greater extent of surface oxide 
compared with the wafer turned with the 
roof-top tool. This is consistent with the 
blunt tool behaving in a way more 
inclined to the process of burnishing than 
actually cutting. 
Box 4.2 RBS spectrum of specimen #2 
showing oxygen and surface damage peaks 
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Fig 4.2.1 SEM micrographs (courtesy of C. L. Chao) of single-point turned silicon (001) 
wafer showing in a) the ductile turning grooves and in b) the presence of swarf. 
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b) 
Fig 4.2.2 SEM micrographs showing the ductile turning lines of single-point turned (001) 
silicon. Swarf and other removed material is evident in a). Both show a spacing of approx. 
200 nm. Tilt = a) 45° and b) 00. 
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Fig 4.2.3 SEM micrographs showing regions of deep grooves. In a) a periodicity of 
approx. 6 1.1. ßn is evident with a scattering of removed material. A transition from little brittle 
damage to very heavy brittle damage is shown in b) where there are several deep grooves. 
Tilt = 450. 
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Fig 4.2.4 The homogeneous and isotropic glassy surface finish is shown in a transition 
from grooves and chips in a) and in greater detail in b) seems to contain small particles some 
apparently immersed in the surface. 
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a) X, Y - 10 µm, Z- 100 nm 
b) X, Y-5µm, Z-50nm 
MUWaJUIU n 
c) X, Y-1 µm, Z- 20 nm 
Fig. 4.2.6 AFM images typical of the (001) specimen #S4 machined by single point 
diamond turning (SPDT). On the left are shown the surface scans whilst statistical data is 
given on the right hand side. The three scans are of the same area but at a magnification 
increasing from top to bottom. X, Y and Z scales are given below the scans. 
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nm 
a) 
b) 
Fig 4.2.7 AFM line traces representative of a single-point turned silicon wafer surface. 
Vertical magnifications are a) 1.1667x105 and b) 1.1667x106. 
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Fig 4.2.8 I XPS spectrum of single-point diamond turned silicon (001) wafer showing large 
carbon is peak. Electron escape angle = 15°. 
104 
Chapter 4 Results 
0 
a) 
C 8000 
0 
U 6000 
n 
t 4000 
s 
2000 
b) 
100 200 300 400 500 600 700 800 900 1000 
Binding, 
_Energy 
/ eV 
98 100 102 104 106 
Binding Energy / eV 
108 i10 ' 
100.1 
i03.7 
1.90 
2.81 
100 
87 
30 
30 
5487 
17.68 
3.66 
Fig 4.2.8 II XPS spectrum of single-point diamond turned silicon (001) wafer. Electron 
escape angle = 45°. 
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Fig 4.2.8 III XPS spectrum of single-point diamond turned silicon (001) wafer. Electron 
escape angle = 90°. 
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Fig 4.2.9 The silicon 2p twin peaks for the single-point turned wafer are presented here 
in a compound angle-resolved spectra, a); there are 25 traces each separated by 2.50 in take- 
off angle from 30° to 900. There is no cyclic variation in intensity as in Fig 4.1.3 and this 
indicates an amorphous surface layer. The trend is more clear in b), a graph of elemental peak 
height as a function of angle. 107 
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main features are detailed in the schematic h). 
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a) 
b) 
C) 
Fig 4.2.12 An area typical of the turned surface seen in cross section with XTEM is 
shown in three different diffraction conditions, a) g=I 0021, b) g=] 1111 and c) g= 1]. The 
Si,, layer is evident. All at the same scale. 
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200 nin 
Fig 4.2.14 Dislocation loops on (111) and (111) planes only. The roughness of the free 
surface is seen to be less than the underlying Sic - Si,, interface; the sharpness of the interface is in part a printing artifact. 
200 nm 
Fig 4.2.15 The Si. surface layer often has regions of swirling contrast that may indicate 
its formation process. 
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Fig 4.2.17 The interface between the glue (used to bond the cross section sandwich 
elements) and the Si., surface layer (lower region). 
Fig 4.2.18 A single-point turned specimen imaged with TEM in plan view shows a series 
of equally spaced bands of contrast each containing a linear array of triangular features that 
could be dislocation loops inclined to the surface on (111 ) planes. 
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4.3 Grinding 
4.3.1 Surface 
The micrographs in Fig 4.3.1 a) and b) are typical of resin and metal ground surfaces 
respectively taken using optical microscopy. The larger grooves can be seen with a spacing 
of 3.6 tm although the resolving power is insufficient for the finer grooves or the nature of 
the surface in and between grooves to be identified. 
Fig 4.3.2 shows the same specimens as in Fig 4.3.1 but taken using SEM. The surfaces 
differ in that the metal-ground has a prominent, deep groove every 3.6 gm with smaller 
grooves in between whereas the resin-ground is more even without such a deep groove but 
with the shallower grooves. All grooves are not perfectly straight but have a ripple-like nature 
on a scale an order of magnitude less than the size of the groove. Certain grooves can be 
clearly seen to have an individual shape which is often seen to reccur at the 3.6 µm interval 
as shown in Fig 4.3.3 a) and b). 
There are regions where the onset of brittle fracture is seen. First signs are of tiny 
fracture sites at the bottom of the deeper grooves and as this effect becomes greater chip 
removal occurs at the sides of the grooves. Eventually chipping occurs at sites other than the 
deepest grooves until the whole surface becomes connecting chips. This sequence is illustrated 
in Figures 4.3.4 through 4.3.6. 
Talystep was used to analyse the surfaces of all ground specimens; those ground by 
resin-bonded wheel and by metal-bonded wheel were distinguishable in that the forcer were 
of a marginally less surface roughness. Traces are illustrated in Fig 4.3.7 for a) resin ground 
and b) metal ground while the statistical data extracted from all the traces is presented in 
Table 4.3.1 where L represents the approximate total scan length and B indicates a brittle 
ground specimen. 
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Talystep 
Ground specimens 
1 2 3 4 5 6 7 8 9 11 12 13 14 
Metal/ Resin M R M M MB M M M RB M R R R 
L, µm 200 190 300 200 200 140 140 350 180 240 320 
Rm, x, nm 36 14 38 24 60 48 50 100 28 34 64 
D, µm 3.36 3.45 3.62 3.7 3.62 3.6 3.45 3.4 3.5 3.57 3.5 
Table 4.3.1 
(M, Metal bonded wheel; R, Resin bonded wheel; B, Brittle surface finish) 
The nature of the ground surface is that from point to point over the whole specimen 
the cutting depth varies due to the warping of specimens while mounted during machining. 
There is thus a variation in the surface roughness from a maximum value to very small where 
the abrasive particles are barely touching the specimen. This is illustrated very well in Fig 
4.3.8 where specimen #10 is scanned at 2.5 nun intervals across its surface normal to the lay. 
The graph shows the surface roughness from areas which had been in full contact with the 
wheel to those of bare touch and the Table 4.3.2 presents the roughness parameters directly. 
In specimens #5 and #9 the depth of cut has exceeded the critical value causing brittle mode 
material removal. The traces shown in Fig 4.3.9 represent the contrasting surface finishes 
from bare touch to brittle ground regions. 
The results show that R.. for resin-ground silicon is less than for metal-ground and 
that k. for the (001) surfaces is less than for (111). No effect is observed due to the 
direction of grinding. In all ground specimens except brittle regions a periodicity is shown 
between grooves and this value is quoted in the tables. The mean value of this spacing taken 
from all the specimens is 3.62 µm. This periodicity is most clearly evident in the traces from 
bare-touch regions where the machining is essentially single-point cutting. 
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The AFM and STM analysis is represented by the profiles of Figs 4.3.10 and 4.3.11; 
for comparison with the turned surfaces see pages 102 and 103. The statistical analysis of 
these traces are given in Table 4.3.3 below. 
Atomic force microscopy 
Ground specimens 
Metal, #11 Resin, #14 
Scan length, µm 13.86 14.11 
Rmu, nm 148.74 63.77 
R,, nm 20.86 7.44 
RZ, nm 120.30 46.54 
Groove spacing, pm 3.5 3.55 
Table 4.3.3 
XPS from the ground surfaces are shown in terms of the survey spectra in Figs 4.3.12 
to 4.3.14; all show the presence of more chemical elements than either turned or as-received 
and have a greater depth of oxide, this being apparent by the strong double silicon peaks 
shown below the main spectra. 
Resin ground specimen #12 contains in addition to silicon, oxygen and carbon other 
elements sodium, nitrogen and flourine. This specimen was ion etched in situ with a6 keV 
argon beam for 30 seconds to remove a layer of about 0.5 nmt from the surface and the 
spectrum for this is shown in Fig 4.3.13 where it can be seen that both the fluorine, nitrogen 
and sodium peaks have been significantly reduced; there is now the additional argon peak. 
Using the relative intensities (areas) of the silicon 2p subpeaks in each case in the modified 
Beer-Lambert equation (equation 3.22) the oxide layer thickness (d) is calculated and 
presented in Table 4.3.4. 
t This value was estimated based on the thinning rate of Tantalum pentoxide which was I nm per minute 
with the same ion type and at the same beam energy and flux. 
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XPS 
Ground specimens 
Resin, #12 Resin, #12 Metal, #11 
Angle 450 450, etched 450 
Iox, % 57 46 47 
IS,, % 43 54 53 
d, nm 1.28 0.93 0.96 
Table 4.3.4 
4.3.2 Subsurface 
In XTEM all specimens showed the following general subsurface nature: the upper region is 
a layer of amorphous silicon of varied thickness filling the deeper grooves and sometimes 
containing regions of crystalline material; beneath this the silicon is crystalline containing a 
dense array of dislocations forming a layer roughly following the surface profile; the deeper 
grooves caused cracks to penetrate into the material mainly normal to the surface. Groove 
spacing shows a 3.6 pm periodicity corresponding to the advancement of the grinding wheel 
per revolution; a deepest recurring groove is present with a distinctive shape. 
The specimen analysis can be split into three groups: those where the surface is visibly 
brittle, referred to as brittle ground, and those where it is not; the latter further seperated into 
surfaces ground with a metal bonded wheel and those ground with a resin bonded wheel. Data 
extraxted from the micrographs is presented in Table 4.3.5 at the end of this section on page 
125. 
Brittle ground 
A typical area of specimen #5 is illustrated in Fig 4.3.15 a) where deep grooves are set at a 
spacing of 3.6 µm each corresponding to the passing of a particaluarly high spot on the 
grinding wheel; a single high diamond. The grooves all have a similar shape in cross section 
giving an R. of - 350 nm for that specimen and other parameters given in Table 4.3.5. The 
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grooves are all filled with an amorphous material which is better seen in Fig 4.3.15 b), an 
enlargement of a single groove. A diffraction pattern and an elemental analysis (EPMA) from 
the amorphous zone are given in Fig 4.3.16 a) and b) respectively. Several regions on the 
scale of tens of nanometers which show diffration contrast and contribute to the spots in the 
diffraction pattern are present within this amorphous material and these therefore seem to be 
crystalline. 
Fig 4.3.17 shows a region of this specimen where the ion milling has begun to thin 
away the original edge but this shows a groove from which several cracks have grown. That 
marked Cl is the type of crack most often present beneath grooves: it penetrates normal to 
the surface until a point where it becomes diverted into a new plane and direction. Crack C2 
extends from this groove to a neighbouring groove and C3 extends parallel to the surface in 
a discontinuous fashion. By comparison with figures 2.19 and 2.21 these cracks are similar 
in position to the median crack (Cl) and the lateral crack (C2 and C3); C2 is likely to give 
rise to material removal in the form of a chip and C3 surface delamination. The crack C3 has 
a striated form of material bridging its separated faces and this is shown in a larger 
magnification in Fig 4.3.18; note that the bend contours and dark contrast above this crack 
are not present below it indicating the release of elastic strain through fracture. 
Metal ground (001) wafers 
A typical region of specimen #4 covering approximately 25 gm perpendicular to the lay is 
shown in Fig 4.3.19 in the three different reflecting conditions a) [002], b) [111] and c)[111]. 
b) most clearly shows the bend contours persisting to a depth of greater than 3 µm, most 
notably associated with cracks beneath deeper grooves. Grooves marked G1, G2, G3 and 04 
are from the same diamond particle on the wheel (their spacing being 3.6 µm, equal to the 
wheel translation per revolution) and the changing of shape of these grooves from triangular 
to square may be caused by blunting of the particle. The dislocation arrays are dense but in 
many places are observed to be biased to a particular (111) plane in which case it becomes 
possible to determine the plane and also the burgers vector. Dislocation arrays are also 
repetative, for example the narrow group about 1 tm to the right of the grooves G. Chips Cl, 
C3 and C4 are also evenly spaced by 3.6 gm when the crack C2 is taken into account. 
122 
Chapter 4 Results 
Figure 4.3.20 a) shows a typical groove in this specimen with at least one crack 
extending into the bulk and filled with amorphous material; no diffraction patterns were taken 
of these areas due to their small size. A chip crater filled with glue is shown in Fig 4.3.20 
b) where there is little contrast beneath it suggesting that its removal caused a relief of stress 
in the surface layers. c) and d) of that figure are from the same specimen. 
The same specimen in section parallel to the lay is represented by the micrographs in 
Fig 4.3.21 a) and b) where the diffraction vector g is [111] and [002] respectively. The 
amorphous layer is present and the dislocations form a layer of thickness varying by less than 
100 nm over the material studied. 
Metal ground (111) 
These showed the same basic form of surface modification as the previous group and this is 
ilustrated in Figs 4.3.22 a) and b) which are perspective views (- 60° inclined to the surface 
normal) of the surface from a cross section of specimen #6. In a) the foil is imaged close to 
the hole thinned by ion milling; the relation between glue and specimen is clear and at the 
interface is the surface amorphous layer. A crack is evident in b) where it is seen to penetrate 
into the silicon normal to the original surface below a groove and to follow the trace of that 
groove. Fig 4.3.23 a) shows specimen #11 in cross section perpendicular to the lay in a region 
typical of this type of specimen. No dislocations were observed on the (111) plane parallel 
to the original surface but the other slip planes were apparently equally activated forming a 
layer of dislocation damage from the crystal surface down to a depth which varied with 
specimen as shown in Table 4.3.5 
The deeper grooves all filled with amorphous material have cracks penetrating from 
their base into the material as in Fig 4.3.23 b). Fig 4.3.24 a) shows a groove with a crack 
shifting direction near its end towards the (111) plane and b) shows a crack which does not 
appear to be associated with a groove and so this is evidence that damage inflicted by 
previous cutting passes may not be removed by a subsequent pass. Based on all (111) metal 
ground specimens the crack density was approximetely 1 crack every 5 µm. 
The plan view of specimen #11 shows the groove spacings in Fig 4.3.25 a) where 
there is a strip of dense contrast every 3.6 p. m and less dense strips in between these. In 
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regions where the foil is thinner it is possible to image the damage within these more 
prominent strips more clearly as in b) where groups of dislocations emanate from the central 
region on what appear to be {111) planes. Fig 4.3.26 a) and b) show similar dense 
dislocation structures together with cracks deviating from the groove direction and cracks 
parallel to the groove and in larger cracks which have become connected, showing the strain 
releiving effect of fracture by the discontinuous contrast across the crack fissures; this latter 
effect indicates that much of the complex contrast associated with the damaged area of 
grooves is due in a significant part to localized buckling of the foil giving rise to bend 
contours. 
Parallel cross sections of specimens #7 and #11 show the grooves broad side on as 
illustrated in Fig 4.3.27 a) and b). Dislocation damage occupied a region of about 200 nm 
depth from the surface, and in b) are bounded by striking bend contours. A fracture-like 
feature is indicated on this micrograph running parallel to the surface in several places. The 
delaminated amorphous surface layer evident in b) is shown in more detail in figs 4.3.28 a) 
where it is segmented and tenuously connected to the bulk. The latter micrograph shows the 
crystal surface constituted of many small regions with Moirb fringes indicative of cracks. 
Specimen #11 showed an array of cracks along the length of a groove spaced by between 1 
and 2 p. m; one of these cracks is shown in Fig 4.3.28 b). 
Resin ground (111) 
No cracks were seen on these specimens, however, only specimen #12 and #14 were 
examined. The parallel cross section of the latter specimen is illustrated ion Fig 4.3.29 where 
the depth of dislocation damage is measured to be -250 nm. The amorphous layer is seen at 
the surface with thickness -60 nm. There is an upper section to this layer that has become 
detached in an arched fashion; it also appears thin in its dimension perpendicular to the 
micrograph as the amorphous contrast from the glue suggests that it is encapsulated in glue 
which the main amorphous layer is not. Within this delaminated strip are lines of contrast 
running parallel to its length. 
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Ground specimen 
l tt 4 5 6 7" 11 12tt 14 
Analysis length / µm 4 30 30 10 20 30 4 10 
Mean depth of damage ±a/ nm 270 
±50 
260 
±95 
1100 
±510 
250 
±100 
300 
±30 
250 
±100 
220 
±30 
200 
±100 
Max depth of damage / nm 300 520 2000 350 350 540 280 300 
Crack density / 1m4 - 0.15 1 - - 0.15 0 0 
Mean crack depths ±ß/ nm - 500 
±50 
1700 
±200 
- - 435 
±70 
0 0 
Table 4.3.5 
t Mean crack depth refers only to median cracks from grooves, measured from the surface. 
tt Specimen analysed parallel to the lay. 
The RBS analysis was carried out on metal ground (111) specimen #10 and this was taken 
as representative of ground specimens in general. The extent of subsurface damage is 
displayed in terms of crystal disorder as a function of position across the specimen surface 
in Fig 4.3.30 where the accompanying diagram shows the location of each of the scans. 
125 
Chapter 4 Kestllls 
a/ 
b) 
Fig 4.3.1 Optical micrographs typical of ultra-precision grinding using a) a resin-bonded 
wheel and b) a metal-bonded wheel. Scale marker = 20 µm. Imaging mode is diffraction 
interferencce contrast (DIC). 126 
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a) 
ý) ý 
Fig 4.3.2 SEM micrographs typical of ultra-precision grinding using a) a resin-bonded 
wheel and b) a metal-bonded wheel. Tilt = 45°. 
127 
('/uipier 4 
a1 
b) 
Kcvdhs 
Fig 4.3.1 SEM micrographs showing the recurrence of a groove of particular shape, and 
of lesser grooves. b) is an enlargement of an adjacent region to a). Tilt = 45°. 
1? h 
(7iuhlrr 4 llewlls 
a) 
b) 
Fig 4.3.4 Optical microscopy of silicon surface ultra-precision ground using a metal 
bonded wheel. A transition in cutting, nature is shown in a) where the end of a diamond track 
is evident. b) illustrates the onset of brittle mode material removal. Diffraction interference 
contrast (DIC). 
1 21) 
Chnpler 4 Kc. siilh 
l1) 
bý 
Fig 4.3.5 The onset of brittle mode material removal at deeper grooves. SEM. Tilt = 45°. 
1 3O 
Cheupler a Kryulh 
M 
h) 
Fig 4.3.6 Brittle fracture where crystallographic facets are indicated. SEM. Tilt = 45°. 
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Fig 4.3.7 Surface profile traces taken using Talystep show a typical region of (111) 
silicon wafer ground using a) a resin-bonded wheel and b) a metal-bonded wheel. 
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5.0 10.0 15.0 
distance from edge/ mm 
a) 
b) 
I 
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""N" "'"; " 
Bare touch grinding 
"ý" 
20.0 
000. 
Full contact grinding 
25.0 
Fig 4.3.8 Roughness parameters determined using Nanosurf II are plotted in a) for 13 
colinear regions across the surface of a silicon (111) wafer ultra-precision ground using a 
metal-bonded wheel. Black circles represent trace centres. Specimen #10. 
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Fig 4.3.9 Surface profiles taken using Talystep of regions of ultra-precision grinding 
where the surface is characterised by a) brittle material removal and b) bare-touch grinding. 
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a) X, Y- 14 µm, Z- 300 nm 
b) X, Y- 5 µm, Z- 200 nm 
c) X, Y-1µ, Z-150nm 
Fig. 4.3.10 a) AFM images typical of the (111) specimen #14 machined by ultra - precision 
grinding using a resin bonded wheel. On the left are shown the surface scans whilst statistical 
data is given on the right hand side. The three scans are of the same area but at a 
magnification increasing from top to bottom. X, Y and Z scales are given below the scans. 
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a) X, Y-14µm, Z-300nm 
b) X, Y-5µm, Z-200nm 
c) X, Y-1 µm, Z- 150 nm 
Fig. 4.3.10 b) AFM images typical of the (111) specimen #11 machined by ultra - precision 
grinding using a metal bonded wheel. On the left are shown the surface scans whilst statistical 
data is given on the right hand side. The three scans are of the same area but at a 
magnification increasing from top to bottom. X, Y and Z scales are given below the scans. 
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Fig 4.3.12 XPS spectrum of (111) silicon wafer ground using a resin-bonded wheel. Peaks 
indicate the presence of contaminants flourine, sodium, nitrogen and carbon. Also seen is the 
flourine Auger peak. 45°. * indicates an Auger emission. 
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Fig 4.3.13 XPS spectrum of the same specimen as in the previous figure after 30 seconds 
of argon ion etching. Carbon and flourine peaks are much reduced and the nitrogen peak no 
longer features. The intensity of the silicon peaks has increased much relative to the oxygen. 
450. * indicates an Auger emission. 
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Fig 4.3.14 XPS spectrum of silicon (111) wafer ground using a meal-bonded grinding 
wheel showing the presence of small amounts of contaminants carbon and nitrogen. Electron 
escape angle = 450. 
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a) 
b) 
Fig 4.3.15 Specimen #A, ground using a metal-bonded "heel and with a super-critical 
depth of cut is shown in cross section in a) where single deep grooves recur at 3.6 µm 
spacing. b) is an enlargement of such a groove "here the anwrphous filling is evident as well 
as subsurface microcracks and dislocations. Multi- beam condition 
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a) 
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b) 
Fig 4.3.16 The diffraction pattern a) and elemental analysis b) from the amorphous area 
in the previous figures shows that the material is amorphous silicon. 
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a) 
b) 
Fig 4.3.17 The space between two grooves is shown in a) where median and lateral 
cracking is evident. One of the lateral cracks joins up with a neighbouring groove (left) whilst 
the other runs close and parallel to the surface. b) shows more detail of a). 
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a) 
b) 
Fig 4.3.18 The cracks in the previous illustration are shown in greater detail in a) and b) 
where the fracture faces are seen to not be clean but are bridged by some material. 
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a) 
b) 
Fig 4.3.22 A silicon (111) wafer ground using a metal-bonded wheel is shown in cross 
section perspective, tilted approximately 600 to the original surface normal. a) shows the glue 
and amorphous surface layer, b) shows more detail including a crack running the length of 
a groove into the bulk. Multi-beam condition 
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I p» 
it) 
h) 
200 nm 
Fig 4.3.23 a) shows specimen #11 perpendicular to the lay; grooves, dislocations and 
cracks from the deeper grooves are typical of those ground using a nietal-bonded wheel. b) 
is detail of a groove with amorphous filling and crack with Moire fringes. 
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a) 
AY, výi; c 
b) 
Fig 4.3.25 Plan view of specimen #11, (111) wafer ground with a metal bonded wheel, 
shows dark stripes of contrast at 3.6 tm intervals corresponding to the deeper grooves and 
lesser strips in between. Greater detail in b) shows the contrast to be mainly dislocation loops. 
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a) 
b) 
Fig 4.3.26 a) Cracks within the dark strips occur angled out and away from the abrasive 
direction (close to j 1101 planes). b) shows the discontinuous contrast across these cracks 
indicating the stress relief of fracture. 
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Ml nm 
a) 
b) 
Fig 4.3.27 Specimen #7 ( (111) wafer ground using a metal bonded wheel) in cross 
section parallel to the lay shows a) an even array of dislocations and b) more complex 
contrast including bend contours and the amorphous surface layer. 
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a) 
300 nm 
b) 
Fig 4.3.28 The amorphous surface layer on specimen #7 a) contains regions delaminated, 
while b) shows specimen #11 where cracks occur along the length of a groove. 
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a) 
b) 
Fig 4.3.29 Two different regions of specimen #12 are presented to illustrate the (111) 
wafer ground using a resin bonded wheel. No cracks were seen but the surface amorphous 
layer shows an interesting feature; the upper portion becomes delaminated and arches away 
from the substrate in a swarf-like way. Section parallel to the lei 
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5.0 10.0 15.0 20.0 25.0 
distance from edge/ mm 
a) 
................. - 
": """" )" :""": "! 
Bare touch grinding 
.................... :" Full contact grinding 
b) 
Fig 4.3.30 The RBS analysis of specimen #10 is displayed in terms of the depth of 
subsurface disorder in a) and the test sites across the specimen are displayed in b). 
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Discussion 
The results shall be agglomerated in this chapter under a series of more specific headings 
allowing the location of relevant areas of the field of study. 
5.1 Damage in general 
Both single-point turning and grinding with both resin and metal bonded wheels produced a 
surface finish with grooves - 1-4 nm and -100-200 nm peak to valley respectively and spaced 
by -100-200 nm and 3.6µm respectively. Some areas of both were obviously affected in a 
brittle fashion by the machining with the presence of cracks and chip cavities visible with 
SEM. Other areas, the majority in the case of grinding and of equal occurrence with turning, 
showed no such fracture sites and were grooved in an apparently ductile mode. Turning 
showed a surface effect that was not evidenced with grinding, areas of up to a square 
millimetre appeared glassy in nature with particles apparently immersed. 
In both cases an amorphous layer was present on the surface filling the grooves, and 
varying in thickness, being greater where the nature of material removal was more severe (ie. 
for a greater depth of cut) and it was this that was responsible for the glassy appearance 
above. Beneath this layer the crystal contained an array of dislocations that marked the plastic 
zone and in general penetrated to a greater depth in the ground specimens but formed a more 
regular array in the turned specimens. In metal ground specimens about 20% of the deep 
grooves had caused the initiation of cracks from the groove base while in the case of 
specimens where grinding had exceeded the critical depth all grooves had cracks that 
penetrated up to 1/2 a micron into the bulk. 
Bend contours evident in XTEM indicated that beyond this damaged layer the crystal 
was in a state of residual elastic strain, caused by the necessary accommodation of the 
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deformed damage layer but was otherwise undamaged, retaining its original single crystal 
nature. The uppermost few nanometers has been shown to consist of an oxide layer upon 
which subsists atmospheric contamination in the form of a hydrocarbon overlayer a few 
mono-layers thick. 
The dimension of the grooves in ground specimens was such that the surface acted as 
a diffraction grating to visible light while the turned surface gave no such effect. The latter 
had a brownish discolouration corresponding to the areas that had been turned and this was 
more pronounced on the specimen #S2 where likely the blunt tip had caused a burnishing of 
the substrate. In the light of the results here it would seem reasonable that the discolouration 
was connected to the amorphous layer that would have different diffractive and reflective 
properties to crystal silicon; the effect of burnishing would seem to correspond to a deeper 
more substantial amorphous layer. Regions of surface in which the material removal had been 
brittle in nature were recognisable with the naked eye through their grey-lustre appearance 
contrasted to the diffraction grating effect in ground specimens and the brown colour in 
turned specimens. 
5.2 Surface roughness 
Nanosurf II gives R, = 0.21-0.26 nm and R. 0.8-1.4 nm for the turned specimens examined 
while AFM gives R. = 0.66-0.78 nm and Rmü 3.64-6.92 nm for #S3. It is expected that 
AFM would give greater values of roughness because of the finer tip used and the more 
precise instrumentation allowing greater access to the surface topography. The nature of the 
turned surface varied much over the surface but scans were made in areas that appeared to 
be ductile turned. AFM offers the benefit of a large scale scan area (several tens of microns 
square side length) from which an area can be selected for more detailed study thus allowing 
greater reference to the area from which the scan is taken and what it is representative of. An 
attempt was made to extract statistical surface roughness data from the cross sections but the 
very small height-width ratio of the grooves (typically 0.01) together with the lack of 
definition of the actual surface made this generally impracticable although figures are quoted 
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for one specimen that are consistent with the other means of profiling. 
The wafers ground with a resin bonded wheel showed a generally less rough surface 
than those ground using a metal bonded wheel. A significant feature of the latter surfaces was 
the recurrence of a deep groove every 3.6 p. m with shallower grooves in between. The 3.6 gm 
spacing is due to the lateral advancement of the grinding wheel each revolution and so the 
deep groove was cut by a single high diamond on the wheel; the smaller grooves also 
possessed this periodicity indicating that second and third etc highest diamonds were 
responsible for the final surface finish. As the subsurface cracks were generated from these 
deeper grooves then it is a clear indication that better setting of the grinding wheel (i. e. 
levelling of the diamond abrasive particles) is critical towards attaining a surface finish with 
a minimum of subsurface cracking. 
The wafers ground using a resin bonded wheel did not show this deep groove but 
instead had a surface composed of a series of grooves of more equal depth comparable with 
the depth of the shallower grooves in the metal-wheel ground specimens. This is indicated by 
the SEM analysis and also the Talystep traces. 
An intriguing observation is that the surfaces of wafers turned with a super-critical 
depth of cut show no directionality; they also have a glassy appearance which is shown 
through XTEM to be an amorphous silicon layer several hundred nanometers thick. 
The single-point turning surface quality produced in this study has been consistently 
finer than that produced by the Cranfield Nanocentre however the extent of surface finishing 
needs also to be included in an assessment and it is clear that the Nanocentre is capable of 
turning surface areas of many square centimetres whereas this work finishes reliably only 1 
square centimetre at the most. The sales literature with the Nanocentre examples the turning 
of a 100 mm diameter aluminium spherical mirror with a roughness (obtained using a Wyko 
interference microscope) of 94.7 nm Rm and 4.23 nm R,; this is a little greater than an order 
of magnitude more rough than the finished silicon wafers of this work. The other example of 
germanium turned in the Nanocentre gives a finish of R. and R.. equal to 0.806 nm and 9.85 
nm respectively; both are greater than for this work where 0.7 nm and 5.4 nm (mean values 
from Table 4.2.2) were typical for the same parameters. 
The surfaces produced by grinding using the Nanocentre (based on the Cranfield sales 
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literature) range in roughness from 15.0 nm up to 22.6 nm k. and from 1.35 nm to 1.74 nm 
R, (obtained using a Wyko interference microscope). This compares with values from this 
work using the 7-axis grinding machine of 7-100 nm R. and 0.49-15.45 nm k with a 
weighting towards the higher ends. From this it is clear that the Nanocentre has far exceeded 
the surface quality attainable by the 7-axis machine. 
An interesting observation from the diamond probe analysis was that specimens ground 
in a brittle mode did not result in a surface roughness greater than the ductile mode 
roughness. Yet from Fig 4.3.6 it would be assumed that such a difference would manifest; 
maybe this is an artifact of the measurement process due to the (large) finite radius of the tip. 
5.3 Surface oxide layer 
The uppermost layer was silicon oxide that was determined using XPS to be 1.4 nm ±0.1 nm 
thick and this corresponds well with the value of 1.4 nm reported by Raider et al (1975) as 
the saturation thickness of oxide growth on cleaved silicon crystals. It was expected that due 
to the high temperatures experienced by the specimen during turning this layer would be 
maybe one or two orders of magnitude greater in thickness, thermally induced rather than 
room temperature growth. 
5.4 Amorphous surface layer 
Amorphous material was seen on the surfaces of all specimens; in general the 
thickness increased with the severity of machining with lightly turned silicon having an 
amorphous layer of about 100 nm thick whilst heavily turned and heavily ground wafers had 
layers of up to 500 nm thick. This is consistent with the cross section analysis of Johansson 
(eg 1989) who showed that polished silicon wafers possess an 'amorphous material' existing 
in the grooves. Johansson however made no further quantitative analysis of this material due 
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to its small distribution in his finely polished (up to 6 µm diamond using a soft cloth 
polishing wheel) specimens. 
A phase transformation of silicon in the localized region around an indentation is 
reported by Pharr et al 1991 where their explanation is that the silicon adjacent to their sharp 
cube-corner indenter is transformed to the denser ß-tin structure by the high pressure (the 
hardness of silicon being in the range 11-12 GPa (see eg Pharr et al 1990)). Gridneva et al 
have measured the electrical resistivity of the extruded material and its thickness; the 
indications being that it is around 50 nm thick and with a drop in resistivity relative to the 
silicon wafer as expected of the metallic 0-phase. The present work has found no evidence 
for the amorphous surface layers being of this metallic phase (as this would give a definite 
diffraction pattern) but then it has not been possible to make diffraction patterns from the 
smallest regions. It cannot be ruled out that the material observed by Pharr et al may be 
amorphous silicon. 
The material removal mechanism of delamination detailed on page 39 is vague in that 
the actual nature of the swarf is not known, it is simply observed after turning. The present 
work did not encounter swarf of this kind on turned surfaces but this is likely due to the very 
small surface area studied with this technique. On specimen #12 such features were 
photographed and these are shown in Fig 4.3.29 where the upper 20 nm portion of the 
amorphous surface layer delaminated from the remaining 60 nm of the layer; there are regions 
where this detached layer is still contiguous with the bulk but with a visible separation of a 
few nanometres. Other regions are bowed away in the form of arches as observed on a larger 
scale by Puttick et al (1989). 
5.5 Dislocation zones 
The nature of dislocation arrays is more simple in the case of single point turned specimens 
where for much of the material examined a single (111) plane is predominantly activated. It 
is suggested that this asymmetry in the occurrence of dislocation loops apparently biased to 
the (111) set of planes is due to the shape of the cutting tool which has two opposing faces 
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inclined at a steep angle and a shallow angle to the tool axis (normal to the specimen 
surface). A further possible reason for this bias is the circular nature of the cut that in its 
deviation away from a straight line cut where the dislocations should be symmetrically 
disposed a radial displacement is introduced that may generate a greater shear stress on the 
side inward to the centre of rotation. The effect of crystallography needs further examination 
with cross sections covering a wide range of angles. 
Ground specimens showed a more complex distribution of dislocation damage that 
penetrated to a depth that was constant over several tens of microns studied. The dislocations 
thus formed a layer following the surface profile. The contrast was complicated by the effects 
of bending of the foil making it difficult to resolve individual dislocations within arrays. The 
principle of using two-beam conditions to determine the Burgers vector of dislocations 
became less useful where the localised buckling of the foil was high as this changed the 
actual diffraction conditions from point to point. The analysis using X-ray topography was 
never coherently compiled by the collaborators involved and so no results can be shown in 
this work although discussion at the time of experiment indicated that the technique gave 
relevant information on the damaged layer and the elastic strain deeper into the specimen. 
5.6 Subsurface crack structures 
All the cracks seen in cross section exhibit certain common features. The deeper grooves in 
the ground material show a main crack penetrating from the surface into the specimen 
perpendicular to the original specimen surface in a way similar to the median cracks described 
by Lawn and Wilshaw (1975). The deeper cracks of this type all show a diversion, from the 
crack trace close to the groove, towards their respective tips. Cracks from neighbouring 
grooves in a specimen show the identical trace shift and this suggests that the reason for the 
change in direction is crystallographic influence. The elastic strain energy driving the fracture 
at the root of the groove is sufficient to cause cracking in the plane perpendicular to the 
surface which is not necessarily crystallographically favoured but follows the maximum 
tensile stress. As this tensile stress maximum decreases away from the groove so the crack 
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becomes more affected by the local crystal nature and the crack conforms to the opening of 
the planes easiest to open, i. e. { 110) planes. These median cracks are also observed in plan- 
view specimens to diverge away from the groove trace in a similar way to that reported by 
Swain (1979) in scratch tests on sapphire. 
The other main type of crack described by Lawn and Wilshaw, the lateral crack, is 
seen in specimens where the material removal has been more severe, for example those 
ground with a super critical depth of cut to give a brittle surface finish. Here cracking is seen 
to extend from the sides of grooves often parallel to the original surface and even intersecting 
the surface at some point removed from the initiating groove. This would precede spalling 
and chipping from the surface. There are regions where these lateral cracks connect up with 
similar lateral cracks from neighbouring grooves, this marking the onset of a new mode of 
surface fracture and finishing through delamination over a larger area than single grooves. 
This phenomena of delamination suggests the possibility of grinding in such a way that the 
final surface is produced solely by this mode of fracture; the results from this work indicate 
that the median-type cracks would still be in the material as they penetrate deeper than the 
lateral type; this was also found in the work of Kirwan (see Kirwan 1993, Puttick et al 1993 
b) where a cross section study of ground silicon nitride observed material removal from the 
surface through a process of delamination but there remained median cracks penetrating to 
a depth of more than 10 µm. However, a modification of the grinding process to emphasize 
the lateral motion of the grinding wheel transverse to the tangent or by using a specifically 
shaped abrasive would maybe result in delamination prior to median cracking. 
5.7 Material removal mechanisms 
The SEM analysis showed the presence of fractious swarf on the surface of the turned 
specimens, none was detected on the ground specimens as the coolant would have washed it 
away. This swarf resided even on areas where the material removal appeared completely 
ductile and so this implies that the actual removal of material does not have to be in a ductile 
fashion to leave the substrate unfractured. This was shown in the turning experiments of 
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Scattergood (1993) where fracture sites were detected at the edge of the turned region, at a 
depth less than the depth of cut, but not in the turned region itself. The inference from this 
was that the geometry of the turning process as shown in Fig 5.1 for successively overlapping 
grooves gives rise to the maximum effective depth of cut being at the surface of the specimen 
and decreasing perpendicularly from the surface to an effectively small depth of cut. Hence 
each cutting pass would remove the brittle damage introduced by the previous pass causing 
material removal to be brittle mode but with no fracture penetrating into the finished surface. 
The experiment of turning in a non-overlapping way would be instructive to this process 
because the fracture sites detected by Scattergood (1993) seem not to resemble any type of 
fracture expected from a simple scratch test, as Scattergood shows a high density of very 
small fractures. Maybe the features Scattergood observes are friction induced defects including 
possibly localised change of phase to an amorphous state. 
The swarf in Fig 4.2.3 a) at the top just right of centre shows signs of turning tracks. 
This indicates that the swarf became detached from the substrate after the tool had passed by, 
ie through a mechanism of residual strain due to elastic recovery of the bulk. The swarf has 
been deformed according to its once having been in contact with the tool. This suggests that 
there is at least a contribution of material removal from behind the indenter if not all of the 
material removal. This is not definite proof as the swarf illustrated may have been run over 
by the tool after its having been produced by a previous pass. 
The feature shown in Fig 4.3.29 resembles almost exactly the phenomena observed 
and discussed by Puttick et al (1989) in their 
turning experiments on fused silica and soda- 
lime glass. The arching of the surface layer 
away from the substrate has been described by 
these authors as a residual affect of the 
recovery of the elastically strained underlying 
material after the pass of the tool. The effect 
has not (to the author's knowledge) been 
reported on the turning of silicon. This is 
maybe due to the crystalline nature of silicon Fig 5.1 Flaws induced in turning 
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relegating such an effect to much smaller sizes because of the materials tendency to cleave 
on crystal planes under stress; the arches in Fig 4.3.29 are less than 300 nm long, and the 
longest one has fractured at the top. A crucial feature of this micrograph is that the arch exists 
entirely within the amorphous layer, it is only the upper portion of it. It cannot be concluded 
that all the swarf in these turning experiments is of amorphous silicon but it seems reasonable 
to infer that all spirals, loops or thin strands of swarf are likely to be amorphous silicon. 
The regions of brittle fracture in both turning and grinding experiments show 
classic signs of fracture, the most visible being the chip cavity caused by the removal of 
material through chipping. The 'grooves' in Fig 4.2.3 b) are difficult to explain in terms of 
what caused them; the characteristic, repetitive, physical features within each groove suggests 
they are each formed by a single pass of the cutting tool. The study by Chao (1993) of 
diamond tool wear during the single point turning of the specimens for this work, reported 
in Puttick et at (1993) shows a 50 gm wear facet on the once sharp diamond tool. So this 
gradual blunting would explain these anomalous grooves if the cross-feed speed was changed 
to give 8 tm periodicity instead of the nominal 150 nm. 
5.8 Polished silicon 
The brief investigatory study of surface and subsurface damage in polished silicon crystals 
was made to compliment the trace of the work on turned and ground wafers. The work is 
detailed in Appendix D1 and of the basic analysis the following observations are relevant. The 
surface consisted of grooves of depth depending on the grade of abrasive used, with an 
approximate correlation (abrasive size, groove depth), 6 gm, 120 nm; 1 gm, 50 nm; 1/4 µm, 
30 nm. Dislocations penetrated to an approximate depth of 6 µm, 250 nm; 1 gm, 50 nm; 1/4 
µm, 30nm. The 6 µm polished specimen possessed an amorphous layer about 50 nm thick on 
the surface collecting in the grooves to a greater thickness, and this was shown by electron 
diffraction to be amorphous silicon. All polished specimens possessed a layer of silicon oxide 
on the surface (as well as the atmospheric hydrocarbon overlayer) of 1 nm thickness. 
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Conclusion 
Silicon wafers of (001) and (111) orientation have been surface-finished by two 
different machining techniques, single-point diamond turning and ultra-precision grinding. The 
resulting surface and subsurface regions have been studied by a range of analytical techniques 
to quantify as best as possible the type and extent of damage and the processes involved in 
material removal. Turning was carried out with a nominal depth of cut of 100 nm while 
grinding used multiple passes with a depth of cut of approximately 0.5 µm. 
The most salient features generated from the study are presented below for each case. 
Single-point diamond turned wafers 
0 Square specimens of 25 mm side contained regions of turning of varying degrees of 
fineness. Areas up to one square centimetre showed grooves of typically 200 nm spacing 
giving an R. of less than I nm while larger areas had been turned with a super-critical depth 
of cut producing a brittle finish. 
40 A layer of amorphous material typically 100 nm thick was present on all finely turned 
regions and this was shown by various techniques to be amorphous silicon. For the more 
heavily turned regions this layer reached 500 nm in thickness, contained within it crystalline 
volumes of a few tens of nanometers size and was responsible for the glassy appearance noted 
above. 
0 Dislocations for the finely finished specimens occupied a layer of between 200 nm and 
300 nm below the amorphous material. Slip occurred predominantly on the (111) planes, and 
with burgers vector (1/2)[101] although to a lesser degree slip on the other ( 111) planes was 
seen. The more heavily turned surfaces contained very dense arrays of dislocations often 
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around grooves of several hundred nanometers depth from which cracks emanated. 
0 It has been argued that by modifying the tool geometry and its orientation with respect 
to the cutting direction, turning could be carried out in such a way that no dislocation damage 
is generated in the specimen. 
Ultra-precision ground wafers 
0 In general the entire square specimen of 25 mm side was surface-finished with grooves 
typically 100 nm deep and spaced by 3.6 . tm, with shallower grooves in between. Some 
specimens had regions where the depth of cut was only tens of nanometers (bare touch) 
producing grooves of that depth. 
0 All specimens studied show the presence of an amorphous layer continuous on the 
surface but deeper when filling the grooves; this has been shown through XPS and electron 
diffraction to be amorphous silicon and, in regions of more heavy damage such as in 
specimens ground with a super-critical depth of cut, contains particles of a crystalline nature 
on the scale of tens of nanometres. 
40 Subsurface regions of all specimens can be described as a series of three layers: the 
uppermost layer would be an oxide layer between 1 and 2 nm thickness, the second layer 
would be the amorphous silicon of several hundred nanometres thickness, and below that is 
a layer of damaged crystal containing mainly dislocation loops on ( 111) planes to a further 
depth of several hundred nanometres. Below this the crystal is undamaged other than elastic 
strain, the remote effects of the surface permanent damage. 
0 Cracks were present on all metal-ground specimens initiated at the bottom of the 
deeper grooves at an average of about 20% of all grooves on the specimens studied. Resin 
ground specimens were found not to have cracks but only a limited number of resin-ground 
specimens were studied. Brittle ground specimens contained cracks penetrating up to a micron 
into the specimen. 
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An exploratory study has been carried out of the nature of the surface and subsurface of 
silicon wafers polished using diamond abrasive spray on a soft cloth polishing wheel. The 
results indicate the same general cross section with the presence of grooves, dislocations and 
an amorphous silicon layer filling the grooves. The profile of these surfaces is more irregular 
than either of the machined types with no constant spacing of grooves or of groove depth. 
The subsurface region however appears to be very similar to the ground material but no 
cracks were observed. 
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Recommendations For Future Work 
To get a more accurate value of the actual depth of cut as a function of position over a 
specimen surface it would be useful to carry out turning of a silicon wafer implanted with 
arsenic ions. The depth concentration profile of arsenic in silicon is well documented and it 
is constant to a high degree at temperatures up to a few hundred degrees celsius. The profile 
measured using RBS before and after turning would allow quantitative, high accuracy, 
measurement of the amount of material removed from the surface. At elevated temperatures 
the profile flattens and the extent of flattening as a function of temperature is well 
documented also, hence this would give information on the temperatures caused during the 
turning. 
The large width/ thickness ratio of the specimens used in this work caused their 
surfaces to be significantly aplanar while mounted for machining and this resulted in the 
turned specimens being generally turned only in small arcuriate regions. It was not possible 
therefore to carry out a rigorous analysis of the damaged zones as a function of angle. Such 
a study would be important in establishing how constant the depth of dislocation damage was 
as the tool cut cyclically through all orientations of the crystalline specimen. The phenomena 
noted in the present work of dislocation loops occurring almost exclusively on one set of 
( 111) planes is based on only a small sampling of different angles and specimens, 
verification or otherwise of this feature would be valuable in assessing the effect of tool 
asymmetry. 
As an extension of this it has been put forward in this work that it may be possible 
to carry out turning without causing dislocation damage in the specimen; the effect of tool 
geometry and its orientation during turning would need to be investigated to assess the 
likelihood of this. 
The nature of elastic strain in the bulk crystal can be examined by using the technique 
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of convergent beam electron diffraction (CBED). This would give valuable information 
concerning the long range effects of the permanently damaged layer at the surface. 
Turning carried out such that contiguous grooves only just, or didn't quite, touch 
would present a situation slightly more simple than overlapping grooves from which TEM 
cross section analysis would yield the depth of cut, the nature of subsurface damage for each 
groove, the consistency of turning as a function of radius for individual grooves and a more 
intimate investigation of the material deformation around each separate groove. 
An investigation should be made into turning using a high powered laser to heat the 
workpiece anterior to the tool to increase the ductility of the surface prior to cutting. This 
would in principle result in the possibility of greater depth of cut and less subsurface damage, 
all making a more resistant surface and stronger product. The laser beam could be tuned in 
power, beam spread and position to cause an annealing of defects induced in previous cutting 
tracks. The existing turning machine could be used with the appropriate modifications; the 
laser should be mounted such that the beam would be incident on the specimen surface a 
distance in front of the cutting tool and once set up would not need further alteration except 
upon the fitting of a different tool. 
Computer simulation is a powerful aid to comprehending the processes at play during 
material removal and is especially relevant in considering crystalline specimens. The present 
limits in application to machining is demonstrated by the work of Patten et al (1993) on 
diamond cutting of single crystal Germanium where a maximum depth of 10 nm is modelled 
at a cutting speed of 30 ms'. This is almost comparable with the conditions of the present 
work. By increasing the modelling depth to 100 nm will allow direct comparison and this may 
indicate the range of plastic deformation as well as the effects of high temperature. 
The formation of amorphous silicon was not expected from the outset of this work and 
this further investigation is needed in establishing what use this may be and how to optimise 
its formation as a surface layer for such purposes as may appear. Such a study should be 
directed at determining the constancy of the layer over the surface (are there any holes, for 
example), how the cutting temperature effects its development, what are the electrical 
properties of the layer, what would be the effect of substrate doping on these and the 
mechanical properties of the turned wafer. Simple tests would involve microindentation of the 
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layer to determine its hardness and fracture properties for it may be that the amorphous layer 
makes turned parts more resistant to wear or chemical attack. This itself is a whole area of 
research that has been opened up. Other techniques would need to be used such as glancing 
X-ray analysis and microbeam RBS as well as a more refined XPS analysis. 
A comparison study of polished and machined (turned and ground) wafers should be 
carried as many people are sceptical that machining can produce surfaces with similar 
roughness and subsurface damage to traditional polishing. The present study gave a very brief 
analysis of polished silicon wafers and found the cross section to be very similar to those 
wafers that had been ground: the surface showed grooves that were more irregular than in 
grinding but had a similar amount of subsurface damage, as well as an amorphous material 
filling the grooves that was shown to be amorphous silicon. 
172 
Chapter 8 
References 
Abe, K., Yasunaga, N., Miyashita, M., Yoshioka, J., Daito, M. International Precision 
Engineering Seminar (IPES), Kobe, Japan. May 1993 
Ahn, Y., Farris, T. N., Chandrasekar, S. 1993 NIST Special Pub. 847 Machining of Advance 
Materials, Maryland 
Atkins, A. G., Mai, Y. -W. 1985 Elastic and plastic fracture Chichester: Ellis Horwood 
Auerbach, H. 1891 Amn. Phys. Chem. 43 61 
Bangen, U., Goodhew, P. J., Jeynes, C., Wilson, I. H. 1986 J. Phys. D: Appl. Phys. 19 589 
Bean, J. C., Becker, G. E., Petroff, P. M., Siedel, T. E. 1977 J. Appl. Phys. 48 907 
Beilby, G. T. 1903 Proc. Roy. Soc. A 72 218-225 
Benjamin, P., Weaver, C. 1960 Proc. Roy. Soc. A 254 163 
Bhattacharya, A. K., Nix, W. D. 19881nt. J. Sols. Structs. 24 9 881-891 
Bhattacharya, A. K., Nix, W. D. 19911nt. J. Sols. Structs. 27 (8) 1047-1058 
Binnig, G., Quate, C. F., Gerber, Ch. 1986 Phys. Rev. Letts. 56 930 
Binnig, G., Rohrer, H., Gerber, Ch., Weibel, E. 1982 Appl. Phys. Letts. 40 178 
173 
Chapter 8 References 
Binnig, G., Rohrer, H., Gerber, Ch., Weibel, E. 1982 Phys. Rev. Letts. 50 120 
Boothroyd, G., Knight, W. A. 1989 Fundamentals of Machining and Machine Tools Marcel 
Dekker, inc. 2nd edition 
Bousinesq, J. 1885 Application des Potentials a l'Etude de l'Equillibre et du Mouvement des 
Solids Elastiques Gauthier-Villars Paris 
Briggs, D., Seah, M. P. (Eds) 1990 Practical Surface Analysis: Vol 1 Auger and X-ray 
Photoelectron Spectroscopy 2nd Edition John Wiley & Sons, Salle + Sauerlanäder 
Brinell, J. A. 1900 Cong Int Methods d'Essai Paris 
Brundle, C. R., Evans, C. A., Wilson, S. (Eds) 1992 Encyclopeadia of Materials 
Characterization: Surfaces, Interfaces, Thin Films Butterworth-Heinemann 
Bundy, F. P. 1964 J. Chem. Phys. 41,3809 
Burenkov, A. F., Komarov, F. F., Kumakhov, M. A., Temkin, M. M., Tables of Ion 
Implantation Spatial Distributions, 1986 Gordon and Breach Science Publishers 
Burgers, J. M., 1939 Proc. Kon. Ned. Akad. Wet. 42 293 
Burnett, P. J., Rickerby, D. S. 1988 Thin Solid Films 157 233-254 
Burns, G., Glazer, A. M. 1978 Space Groups for Solid State Scientists Academic Press 
Burton, W. K., Cabrera, N. 1949 Discussions of the Faraday Society 5 33-39 
Burton, W. K., Cabrera, N., Frank, F. C. 1951 Phil. Transacs. Roy. Soc. 243 A866 299 
174 
Chapter 8 References 
Busch, D. M., Prins, J. F. 1972 in The science of ceramic machining and surface finishing 
(ed. Scheinder, S. J. and Rice, R. W. ) Natn. Bur. Stand. spec. Publ. no. 348, p 73 
Cabrera, N., Burton, W. K. 1949 Discussions of the Faraday Society 5 40-48 
Cahn, R. W., Haasen, E. J., Kramer, E. J. (Eds) 1991 Materials Science and Technology, A 
Comprehensive Treatment: Vol 9 Glasses and Amorphous Materials VCH 
Cahn, R. W. 1992 Nature 357 June 645-646 
Chao, C. L. 1991 PhD Thesis: Cranfield Institute of Technology 
Chescoe, D., Goodhew, P., The Operation of Transmission and Scanning Electron 
Microscopes, 1990 Oxford University Press, Royal Microscopical Society 
Chu, W. K., Mayer, J. W., Nicolet, M. -A., Backscattering Spectrometry 1978 Academic 
Press, New York 
Churchill, S. W., Bernstein, M. 1977 J. Heat Transfer 99 300 
Cottrell, A. H. 1955 Theoretical Structural Metallurgy 
Courtney, T. H. 1990 Mechanical Behaviour of Materials McGraw-Hill International Editions 
Cullis, A. G., Siedel, T. E., Meek, R. L., 1978 J. Appl. Phys. 49 5188 
Curie, P. 1885 Bull. Soc. Mineral. France 8 145 
David, G. B., Galbraith, W. 1976 J. Microscopy 108 147-176 
175 
Chapter 8 References 
Day, R. D., Russell, P. E. 1993 Proceedings of ASPE Spring topical meeting April 38-41 
Debye, P., Scherrer, P. 1916 Physik. Z. 18,291 
Donohue, J. 1974 The structures of the elements John Wiley & Sons 
Dow, T. A., Scattergood, R. 0.1990 JSPE-56-05 794 
Duclos, 1987 Phys. Rev. Letts. 58 775 
Dyer, L. D. 1965 Transactions of the ASM 58 (4) 621-644 
Emis datareviews series No. 1 1989 Properties of Amorphous Silicon Inspec 2nd Ed. 
Erlandsson, 1990 Microsc. Microanal. Microstruct. 1 471 
Farris, T. N., Chandrasekar, S. 1990 J. Mat. Sci. 25 4047 
Forty, J. 1953 Proc. Roy. Soc. A 217 262 
Frank, F. C. 1949 Discussions of the Faraday Society. 5 48-54 
Garcia, N. (ed. ) 1987 STM '86 proceedings of the first international conference on scanning 
tunneling microscopy North-Holland, Amsterdam 
Gee, A. E., McCandlish, S., Puttick, K. E. 1988 Proc. SPIE 1015 74-80 
Gibbs, J. W. 1875-1878 Trans. Conn. Acad. 3 
Glaser, E., Wesch, W., in High Energy Ion Beam Analysis of Solids, ed. Götz, G. and Gärtner, 
176 
Chapter 8 References 
K., 1988 Akademie - Verlag Berlin 
Goodhew, P. J. 1984 Specimen preparation for transmission electron microscopy of materials 
Oxford University Press: Royal Microscopical Society 
Goodhew, P. J., Humphreys, F. J. 1992 Electron Microscopy ans Analysis Taylor and Francis 
Grabmaier, J. (ed. ), Crystals Growth, Properties, and Applications: #5 Silicon, 1981 Springer 
- Verlag, Berlin Heidelberg New York 
Griffith, A. A. 1920 Phil. Trans. Roy. Soc. A221 163 
Hammiche, A., Webb, R. 1991 Rev. Sci. Inst. 12 
Heavens, 0. S. 1950 J. Phys. Radium 11 355 
Heidenreich, R. D. 1964 Fundamentals of transmission electron microscopy John Wiley: 
Interscience Publishers 
Hertz, H. 1881 J. reine angew. Math. 92 156 
Hill, R. 1950 Plasticity Oxford University Press 
Hirsch, P. B., Howie, A., Whelan, M. J. 1960 Phil. Trans. Roy. Soc. A252 499 
Hirsch, P. B., Howie, A., Nicholson, R. B., Pashley, D. W., Whelan, M. J., Electron 
Microscopy of Thin Crystals, 1965 Butterworths, London 
Hull, D., Bacon, D. J. 1984 Introduction to dislocations Pergamon Press Oxford 3rd Ed. 
177 
Chapter 8 References 
Ivey, D. G., Piercy, G. R. 1987 Thin Solid Films 149 1 73-83 
Jaeger, J. C. 1943 J. Proc. Roy. Soc. N. S. W. 76 203 
Jamieson, J. C. 1962 J. Appl. Phys. 33 26 776 
Johansson, S., Schweitz, J., Lagerlöf, K. P. D. 1989 J. Am. Ceram. Soc. 72 7 1136-1139 
Johansson, S., Schweitz, J. 1988 J. Am. Ceram. Soc. 71 8 617-623 
Johnson, K. L. 1970 J. Mech. Phys. Solids 18 115-126 
Johnson, K. L. 1985 Contact Mechanics Cambridge University Press 
Kato, N. 1961 Acta Cryst. 14 526,627 
Kelly, A., Groves, G. W. 1973 Crystallography and Crystal Defects Longman 
Kirwan, M. A. Q. PhD thesis 1992 University of Surrey 
Koepke, B. G. 1970 National Bureau of Standards special publication 348: The Science of 
Ceramic Finishing and Surface Science 
Kunz, 1886 Occurrence and Manipulation of Rock Crystal, Scientific American, Aug. 14 1 
pp 103,4 
La Fontaine, W. R., Yost, B., Black, R. D., Li, C-Y. 1990 J. Mat. Res. 5 (10) 2100-2106 
Laeng, P., Steinman, P. A., Hintermann, H. E. 1986 Proc ISTFA: Los Angeles 67-72 
178 
Chapter 8 References 
Laursen, T. A., Simo, J. C. 1992 J. Mat. Res. 73 618-626 
Lawn, B. 1993 Fracture of Brittle Solids Second Ed Cambridge University Press 
Lawn, B., Swain, M. V. 1975 J. Mat. Sci. 10 2016 
Lawn, B., Wilshaw, R. 1975 J. Mat. Sci. 10,1049-1081 
Lindsey, K. L., Smith, S. T., Robbie, C. J., 1988 Annals of the CIRP 37 (1) 519 - 522 
Marsh, D. M. 1964 Proc. Roy. Soc. A279 420-435 
Mindlin, R. D. 1936 Physics 7 195 
Misra, A., Finnie, I. 1979 J. Mat. Sci. 14 2567-2574 
Mott, B. W. 1956 Micro Indentation Hardness Testing London Butterworths Scientific 
Oberschachtsiek, P., Schäle, V., Günzler, R., Weiser, M., Kalbitzer, S. 1990 Nucl. Instr. and 
Meth. in Phys. Res. B45,20 - 25 
Orowan, 1934 Z. Physik 89 634 
Page, T. F., Oliver, W. C., McHargue, C. J. 1992 J. Mat. Res. 72 450-473 
Patten, J. A., Flurchick, K., Strenkowski, J. 1993 Proc. of Principles of Cutting Mechanics, 
ASPE 21 
Pethica, J. B., Hutchings, R. Oliver, W. C. 1983 Phil. Mag. (A) 48 593 
179 
Chapter 8 References 
Pharr, G. M., Oliver, W. C., Clarke, D. R. 1990 J. Elec. Mat. 19 881 
Pharr, G. M., Oliver, W. C., Harding, D. S. 1991 J. Mat. Res. 66 1129-1130 
Puttick, K. E. 1973 J. Phys. E: Sci. Instrum. 6 116 
Puttick, K. E. 1977 J. Phys. D: Appl. Phys. 11,595-604 
Puttick, K. E., Smith, L. S. A., Miller, L. E. 1977 J. Phys. D: Appl. Phys. 10,617-632 
Puttick, K. E. 1978 J. Phys. D: Appl. Phys. 11595-604 
Puttick, K. E., Shahid, M. A., Hosseini, M. M. 1979 J. Phys. D: Appl. Phys. 12 195 
Puttick, K. E., Hosseini, M. M. 1980 J. Phys. D: Appl. Phys. 13 875-880 
Puttick, K. E. 1980 J. Phys. D: Appl. Phys. 13 2249 - 2262 
Puttick, K. E., Franks, A. 1990 JSPE-56-05 788-793 
Puttick, K. E., L. C. Whitmore, Chao, C. L., Gee, A. E. 1994 Phil. Mag. A 69 1 91-103 
Puttick, K. E., Rudman, M. R., Kirwan, M. A., Quinn, R., Syers, G. 1993 b J. Hard. Mat. 4 
(1993) 55-76 
Puttick, K. E. 1993 c Proc. of The Griffith Centenary Meeting, Liverpool 16-35 
Raider, S. I., Futsch, R., Palmer, M. J. 1975 J. Electrochem. Soc.: Solid - State Science and 
Technology 122 415 
180 
Chapter 8 References 
Revesz, P., Wittmer, M., Roth, J., Mayer, J. W. 1978 J. Appl. Phys. 49 5199 
Roesler, F. C. 1956 Proc. Phys. Doc. B69 981 
Rutherford, E. 1911 Phil. Mag. 21 669 
Sadana, D. K., Strathman, M., Washburn, J., Booker, G. R., 1980 Appl. Phys. Lett. 37 (2) 
234-236 
Sargent 1986 (reference unprovenanced, copy in authors possession). 
Scattergood, R. 0.1993 Proc. of Principles of Cutting Mechanics, ASPE 17-20 
Smallman, R. E. 1970 Modern Physical Metallurgy Butterworths 3rd Ed. 
Sneddon, I. N. 19651nt. J. Eng. Sci. 3 47-57 
Stone, D., La Fontaine, W. R., Alexopoulus, P., Wu, T. -w., Li, C-Y. 1988 J. Mat. Res. 3 (1) 
141-147 
Swain, M. V. 1979 Proc. Roy. Soc. Lond. A. 366,575-597 
Tabor, D. 1951 The Hardness of Metals Oxford University Press 
Tabor, D. 1986 Special Technical Testing Publication 889 (American Society for Testing and 
Materials) 129-159 
Taniguchi, N. 1983 Annals CIRP 32/2 573-582 
Tanner, B. K., 1976 X-ray Diffraction Topography, Pergamon Press, Oxford 
181 
Chapter 8 References 
Taylor, 1934 Proc. Roy. Soc. A 145 362 
Thomas, G., Goringe, M. J., 1979 Transmission Electron Microscopy of Materials, John 
Wiley & Sons 
Van de Walle, G. F. A., Van Kempen, H., Wyder, P. 1986 in Scanning Tunnelling 
Microscopy '86 ed Garcia, N. North-Holland pp27-36 
Volterra, V. 1907 Ann. Ecole. Norm. Paris ser. 3 24 401-517 
Watts, J. F. 1990 An Introduction to Surface Analysis by Electron Spectroscopy Oxford 
Science Publications 
Weast, R. C. (Ed. ) 1974 Handbook of Chemistry and Physics CRC Press, Inc. Ohio 
Weiler, W. 1989 Brit. J. Non. Dest. Test. 315 253-257 
Whitehouse, D. J. 1991 Chapter 1 in From Instrumentation to Nanotechnology Ed. Gardner, 
J. W. and Hingle, H. T Gordon and Breach Science Publishers 
Whitmore, L. C., Puttick, K. E., Watts, J. F. 1994 ICEM-13 Paris 799 
Wulff, G. 1901 Z. Krist. 34 449-530 
Yoffe, E. H. 1982 Phil. Mag. A 46 4 617-628 
Zeigler, J. F., Biersack, J. P., Littmark, U., 1985 The Stopping Ranges of Ions in Solids, Vol. 
1, ed Ziegler, J. F., Pergamon, New York 
182 
Appendix A 
Al Manufacture of silicon wafers 
This section deals with the manufacture of semiconductor grade silicon single crystal wafers. 
The material for this work was prepared using the Czochralski (CZ) zone - pulling method. 
This, together with the zone melting or floating zone (FZ) method are the two main ways of 
producing hyper-pure, `dislocation-free' silicon single crystals, used today. Recently 90% or 
more of single crystal silicon was made using the CZ method. These techniques differ 
significantly only in the way in which the polycrystal silicon is converted into single crystal. 
There follows now a short study into the production steps, including the CZ process, for a 
more comprehensive report see eg. (Grabmaier 1981). 
Starting materials are silica and carbon. Silicon is the second most abundant element 
in the Earth's crust, occurring as silica and many silicates. As examples, flint is amorphous 
silica, amethyst is quartz coloured purple with iron, and obsidian is solidified molten silica 
glass. The silica and carbon are fused in an electric arc - furnace, the carbon acting as a 
reducing agent, 
SiO2 + 2C --+ Si + 2CO. 
The silicon at this stage, metallurgical grade raw silicon is approximately 98% pure. 
This is next converted into tri-chloro-silane (SiHC13) by reaction with hydrogen chloride gas 
at approximately 300 °C in a fluidized bed reactor, 
Si + 3HC1 v+ SiHC13 + H2. 
As a refining process the liquid is distilled in a distillation tower. The process of 
chemical vapour deposition (CVD) is next carried out reducing the tri-chloro-silane to 
polycrystal silicon of 99.9999% purity, 
SiHC13 + H2 !' Si + 3HCl. 
Lumps of the polycrystalline silicon are then heated until molten in a high purity 
quartz (SiO2) crucible and form the material from which recrystallization will take place. The 
purity of the final crystal will be a little less than 99.9999% as some contamination will enter 
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the melt in the form of oxygen from the crucible. The CZ process is carried out either in inert 
gas or in vacuum as a means of minimising contamination. A silicon single crystal seed is 
then lowered partly into the melt. As it is then pulled out of the melt, the molten silicon 
crystallises upon the seed, growing in the same orientation as the seed The crystal is rotated 
at a constant rate whilst pulling, and this aids aligned growth. The conditions for optimum 
growth quality are critical. Preferred wafer diameters for semiconductor uses are 75 mm and 
100 mm, and the length of the crystal can be as much as 150 cm. 
An important consideration at this stage is doping of the silicon. Group III or Group 
V dopants may be added to the melt before crystallisation to produce the desired resistivity 
in the single crystal. Common dopants are boron from Group III to produce P-type crystals 
and phosphorous, arsenic and antimony from Group V to produce N-type crystals. The dopant 
distribution depends upon many production factors, and because of this, is inhomogeneous. 
This produces a resistivity which is approximately radially symmetric, decreasing from the 
edge inwards, while being axially linear. The extent of the inhomogeneity does vary 
considerably between dopants. A method of doping which gives a distribution homogeneous 
to ±5% is neutron transmutation doping (NTD). Approximately 3% of the silicon in the crystal 
is 30Si, and irradiation of the crystal with thermal neutrons converts this to stable 31P, 
30Si (n, 7) - )31Si -)31P + 
p. 
For semiconductor device purposes the wafers need to be between 0.2 mm and 1.5 mm 
and they are produced by slicing the cylindrical crystal using diamond saws. About half of 
the material is wasted during this process as slicing loss. The flatness of the final wafers is 
determined at this stage as warpage developed during slicing is very difficult to remove later, 
and so it is very important to achieve high quality in the slicing. Next, to prevent break and 
chip during wafer handling, the edges of the wafers are rounded. 
Lapping is carried out to remove wafer surface warpage, uneven thickness and saw 
marks. 30-50 slices are simultaneously lapped between two disks of 1.5 m diameter using 10- 
16 µm alumina and silicon carbide particles. The process removes 30 µm from both sides 
simultaneously. After this the wafer surface is chemically etched (corroded) to remove heavy 
metal impurities introduced during the lapping process. Either acid (nitric) or alkali 
(hydroxide) may be used, acid producing the smoother finish. To produce the one side mirror 
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polish the wafers are wax mounted onto blocks and polished under pressure using soft cloths 
with an alkaline solution containing silica particles. The wafers are finally cleaned in solutions 
which are usually either H2O-H2O2-NH4O4 (5: 1: 1 to 7: 1: 1) or H20-H202-HC1(6: 1: 1 to 8: 2: 1). 
This is a critical process as surface impurities cause serious damage to devices during 
operation. 
185 
Appendix A 
A2 The as-received wafers 
The material used for this work was single crystal silicon, supplied by Shin Etsu, Handotai, 
Europe Ltd and was in the form of semiconductor grade wafers 100 mm in diameter and 
approximately 500 pm thick, polished on one side and etched to a matt finish on the other. 
Both <111> and <001> orientation wafers were used, and details of these are given below in 
Box A2.1. 
Box A2.1 
This material was used because of its availability in a high purity 'dislocation-free' 
state, its properties as a brittle material and its well characterised crystallography. 
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A3 Table of properties of silicon 
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A4 Scribing of a silicon {111} surface 
A feature of a silicon ( 111) surface (as for any diamond structure crystal) is the three 
fold symmetry due to the projection of the tetrahedral units upon this plane as illustrated in 
Fig 2.2 on page 6. To consider the case of making a scribe on a (111) surface the situation 
may be represented very simply by the four atoms (A, B, C and D) in Fig Al with the scribe 
being made either from right to left [112] or from left to right [112]. Considering as 
approximations that all four atoms are coplanar and that the bonds satisfy Hooke's Law with 
spring constant k and equilibrium spacing L. A displacement of the central atom, which in the 
real crystal would be slightly above the plane of the other three atoms, by an amount Sx will 
cause a resultant force in the opposite direction as a reaction from the crystal. A comparison 
of the reactive forces for the two opposite directions will give an indication of which direction 
gives the most resistance to the scribe. 
Fig A4.1 Simple force model for atomic displacement on the (111) plane 
From Fig A4.1 a displacement x to the left causes a contraction of x in the bond AB 
and an extension in the bonds BC and BD. Hence the reactive force is given by 
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Fl =- kx - 2k (dL) 
(L cos(n13) + x) 
L+dL 
which may be rewritten with the extension dL in full as 
F, _'ý-2k(ZL+x)( 1 +ý+x , R) (ý 
The force opposing motion of the scribe in the opposite direction F2 can be described in a 
similar way as 
F2 -kx-2k(ZL-x)(1 ý+xýln -I) 
Hence the difference between F, and F2 is proportional to 
(L/2 +x) + (L/2 -x) (1 + Lx + x2)112 (1 - Lx + Alp 
which is positive for all values of L for all allowed values of x. Hence the force opposing the 
scribe in the direction from right to left is greater than that for scribing left to right. 
Accordingly, in the real crystal the [112] directions should give more resistance than the [112] 
directions to a scribe. The only way this model might have any relevance to the observed 
sense effect in fracture (Puttick and Hosseini 1980) is that the greater resistance in the [112] 
direction would result in a greater compressive stress ahead of the indenter before bond 
rupture and therefore a greater accumulation of elastic strain energy and maybe through this 
a greater probability of fracture. 
The study of Puttick and Hosseini (1980) showed the asymmetry in fracture on a (111) 
silicon surface and this is significant in the turning of silicon (111) wafers with a super- 
critical depth of cut as the extent of fracture is a function of the angular coordinate with a 
three-fold symmetry. Turning with a sub-critical depth of cut does not evoke this problem as 
fracture is avoided. 
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B1 Storage of Specimens 
During transit and whilst specimens were not being studied they were stored in boxes 
according to their shape and size. The 4" wafers were kept in the manufacturers box, which 
kept them in a vertical position separate from one another and held only at the edges. The 1" 
square specimens were stored in flat, transparent, rigid plastic specimen boxes but were held 
in a fixed position by their being mounted on a2 mm square, 2 mm thick piece of double 
sided adhesive tape. This insured that they were insulated from mechanical shock and 
vibration; they could be easily removed by twisting them about an axis normal to their plane 
such that only the edges were touched, and a minimum of stress was put into their bulk. T EM 
specimens, because of their fragile nature, were kept in special boxes which protected them 
from vibration and kept them free from contamination and moisture by supporting them, 
sealed, between two plastic membranes. 
B2 Scribing and Cleaving of Wafers 
The 1" square specimens used for machining were cut out from the 4" wafers by the process 
of scribing and cleaving. The same technique was also used for TEM specimens which were 
cut from the 1" specimens after they had been machined. 
The process described below was found to be the most reliable in its consistency of 
clean cleavage and was used for cleaving both <100> and <111> type wafers. The process 
was carried out in a Centronic (Europe) Ltd. laminar airflow cabinet for the purpose of 
cleanliness. 
The wafer was firmly affixed to a sheet of paper by the edges with adhesive tape and 
a steel straight edge was aligned at the place for scribing. To prevent this from coming into 
contact with the silicon surface and causing damage it was raised upon two metal blocks, one 
190 
Appendix B 
placed either side of the wafer. A single line was lightly scribed on the polished surface of 
the wafer using a diamond pencil, and this was repeated until all necessary lines were scribed 
It was important that the scribe was light and single as heavy scribing would chip the material 
along the edges of the scribe. This would then cause the wafer to fracture away from the 
desired line direction upon cleaving. The wafer was then untaped and laid polished-surface 
down on a filter paper upon a rubber cleaving mat. A wedge-shaped cleaving tool was 
pressed upon the back of each of the scribed lines causing the wafer to cleave along those 
lines. The cleaving tool needed to be aligned as precisely as possible with the scribe to 
encourage cleavage to stay on the line and not to deviate from it. 
A hand held dust blower was used at each stage to remove debris from the surface of 
the wafer and from the cleaving mat filter paper. This was an attempt to minimise surface 
damage induced by this stage of specimen preparation. In the cases where it was necessary 
to maintain knowledge of the orientation of the square cut specimens in relation to the 
original wafer a corner was removed by scribing and cleaving. 
B3 Polishing Process 
Specimen thinning, when done properly, forms a platform upon which the rest of the work 
can build; it should, itself, induce a minimum of damage in the specimen. The polishing 
process entails successive stages of uniaxial abrading of the specimen. The bulk of material 
removal is achieved with the first, most coarse abrasive, and then once sufficient material has 
been removed the main consideration is to remove the damage put into the material by that 
stage of the polishing. A finer grade abrasive is used in a direction perpendicular to the 
previous abrading until no lines of the previous polishing stage can be seen. Polishing with 
this grade continues removing an equal amount to what has already been removed with this 
grade in an attempt to remove subsurface damage inflicted by the previous grade. Further 
stages, with finer abrasive are carried out in a similar fashion until a satisfactory surface 
finish is obtained. At this point any features seen on the surface will be from the final grade 
of polishing and subsurface damage will be minimal. Details of the process followed in this 
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work are now given. 
The specimen was secured with 
black wax, machined-surface down, on a 
brass holder, as shown in Fig B3.1. By 
turning the knurled ring and its lock ring the 
specimen could be raised or lowered relative 
to the holder surface, thus allowing the 
specimen to be thinned in a controlled 
fashion, whilst maintaining both faces 
parallel to each other. Initial lapping was 
carried out using alumina based abrasive 
resin sheets mounted on glass base plates to Fig B1 Brass specimen mount for polishing 
maintain flatness; the sheet was held in 
place by first applying a small amount of water to the glass. Using filtered water as a 
lubricant the specimen was thinned on sheets of grades 15 µm, 3 µm and I µm. The 15 µm 
abrasive paper was used to thin the specimen to approximately 150 gm. The 3. tm and 1 µm 
stages further removed about 50 µm. In the case of plan-view specimens thinning would be 
from one side only; cross-section specimens were thinned from both sides. 
Lapping of the specimen to a thickness of approximately 60 gm was then carried out 
on a Kent Mark II polishing machine using 6 µm and 1 µm grades of Struers diamond spray 
together with Struers lubricant spray on Kenet 'moleskin' micro cloths. The 6. Lm stage 
removed any surface marks on the specimen and thinned a further approximately 10 gm and 
finally the 1 µm stage removed any tnarks from the 6 µm stage. 
Between stages the specimen surface was washed by passing acetone over it and was 
then viewed with a Reichert Zetopan optical microscope. The extent of material removal 
caused by the thinning and polishing could be established by using the focusing ring on the 
Zetopan which was calibrated in micrometers; an exposed part of the central stub of the 
holder was used as a reference from which height measurements could be made. 
When the specimen had been thinned to - 60 µm and polished so that there were no 
scratches or, in the case of the cross-section, no chips along the central joint either, then it 
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was raised on the mount and cleaned by dripping acetone over the surface. A3 nun diameter 
copper grid was then glued to the specimen using a two part epoxy resin called MBOND 600 
whilst viewing through an optical microscope at x 25 magnification. The glue was applied 
with a small brush to the matt face of the copper mount which then was lightly pressed onto 
the just-polished specimen face. The specimen, grid, holder and mount were then placed in 
an oven at 120 °C for 2 hours to cure the glue. Upon removing from the oven the specimen 
was detached from the holder by melting the wax, was cleaned in trichloroethylene and was 
then ready for ion milling. 
B4 Ion Milling 
A Gatan Model 600 dual ion mill was used, thinning by a process of sputtering from the 
specimen surface caused by direct impact of an Argon ion beam either at liquid nitrogen 
temperature or at room temperature. The optional introduction of Iodine at the point of milling 
would provide a chemical assistance to the thinning. Two beams could be employed, thinning 
simultaneously both faces of the specimen. The specimen was mounted on a rotating spindle 
and the angle of incidence of the beams upon it could be set between 0° and 35°. All the 
silicon specimens thinned for this work were milled at room temperature without chemical 
assistance. 
The specimen was mounted on the appropriate holder, which in turn was screwed onto 
the mounting spindle of the miller. The air lock was evacuated to a pressure of less than 
100x10's Pa with a single stage rotary pump, and the specimen lowered into the main 
chamber. The gun (both guns, in the case of cross section specimens) was selected and the 
angle set to 15°. The maximum thinning rate occurs at about 30°. The timer was set, and the 
machine switched on. The accelerating potential was set at 5 KV and the Argon inlet needle- 
valve adjusted to obtain a beam current of 0.5 µA. The 'rotate' option was selected and the 
specimen allowed to mill for the time set. The process should be monitored during the first 
15 minutes of thinning as adjustment may be needed before the system stabilises. With these 
parameters a thinning rate of about 15 µm/hr is typical for silicon. 
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The specimen was thinned until a central hole was just visible; this indicated that the 
area around the hole, an annulus of about 100 µm wide, was electron transparent. By viewing 
the specimen in transmitted light mode in the Reichert Zetopan optical microscope the 
thickness of the specimen could be estimated. When the silicon is less than -10 gm it appears 
red, becoming more orange to yellow as it gets thinner. 
The ion thinning parameters of beam current, angle of incidence and beam energy used 
were those initially recommended by other workers and which were found in this work to 
give the best balance between thinning rate and damage caused. Higher accelerating energies 
give a greater likelihood of the argon ions becoming implanted in the lattice causing 
amorphisation and displacement damage in the crystal surface region, and may give rise to 
the formation of argon bubbles causing the surface to appear blistered. The effects of argon 
beam bombardment of silicon have been reported by several workers (Bean et al 1977, Cullis 
et al 1978 and Revesz et al 1978). Temperature rise at the surface of the specimen has been 
estimated in papers such as (Bangert et al 1986) where figures of up to 300P rise is quoted 
for the parameters used here. Dislocations in silicon are stable at room temperature and glide 
is not significant until - 600° C, so the effect of this heating upon the dislocations present 
in the specimen is considered negligible. The lattice image shown in Fig. B2 shows the edge 
of silicon in cross section in an area where the edge has been thinned away by the Ion beam. 
It is seen that a layer of amorphous material exists on the surface and this, observed also by 
other workers (Ivey and Piercy 1987), is amorphisation of the edge by the ion beam. Also see 
in this figure is a blotched appearance away from the edge, another artifact of the ion milling 
process, and suggests the presence of craters on the surface caused by the impact of individual 
ions. 
B5 The grinding coolant 
The coolant used during the grinding of all specimens was MaxiCool II manufactured 
by Chemsearch (Tel. 021 525 1666). It was diluted to 5% with deionised water. The 
undiluted coolant had the following physical properties (as quoted by Chemsearch, private 
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communication) 
density 1.088 K-g III-' 
boiling point 102 "C 
pH 9.7 
and its constitution was 
diethanolamine 10 - 30 (7( 
triethanolamine (soap) 
sodium tetraborate 
non-ionic co-polymer 
anionic surfactants 
biocide 
corrosion inhibitor 
Fig B2 Amorphisation due to iou niillin, ý oi' the crystal silicon is evident in very thin 
regions. 
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Measurement of oxide layer thickness 
using X-ray photoelectron spectroscopy 
The consideration is of a thin layer of oxide upon a substrate surface; the immediate interest 
is of silicon oxide upon single crystal silicon wafers but the following analysis is broadly 
applicable to such layers in general. Not taken into account is the effect of diffraction of the 
electrons by the crystal lattice; this has a modulating influence as has been demonstrated in 
sections 3.5 and 4.5. 
The oxide is assumed to form a uniform layer of thickness d and the approximation 
is made that the electron inelastic mean free path X is the same in both the substrate and the 
oxide, i. e. ks; = 910. The electron escape angle is represented by 0. Then the intensity of the 
electron emission from the silicon atoms in the oxide at that angle is given by the equation 
where I0s is the intensity corresponding to an infinitely thick oxide layer (in practice greater 
exp , sn 
) 
than 10 nm ). A similar expression holds for electron intensity from the substrate silicon 
atoms 
ist = 1si exp Td - ,.. ___ -d ? sine 
Dividing these two expressions gives 
d I 
Ox 
jsd ý 
-d exp , sin8 
) 
Isi exp a. sine 
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and then making the assumption that the intensities from an infinite substrate of the oxide and 
from an infinite substrate of the silicon are the same, i. e. 
Isi I=4; 
reduces this to 
exp -d 
X sin8 _z 
Is; exp -d 7L sin9 
By multiplying the right hand side by the unit expression 
exp 
d 
X sine 
d 
e X sine 
reduces it further to give 
LIo: 
= exp( 
d 
I dd X sinO sý 
By rearranging and taking logs of both sides this reduces to 
Jod 
j 
In ( 
lo 
d+ 
1) d 
X sin6 
which may then be finally rearranged to express the oxide layer thickness d as 
Jod 
d=X sine In( 
Id+ 
1) . Is 
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Surface and subsurface study of polished 
silicon 
Silicon (001) wafers were sectioned into squares of 25 mm side length by a process of 
scribing and cleaving. Specimens were then mounted on an aluminium block using white wax 
and attached to the loading arm of a Kent Mark II polishing machine. 
Using the loading apparatus of this machine a dead weight of 1 kg was applied to the 
specimens while they were in contact with the soft cloth polishing wheel. Kemet polishing 
moleskin cloths were used and a range of abrasive diamond spray solutions applied together 
with a lubricant. Struers diamond spray of 6 µm, 3 p. m and 1/4 µm grade were used and 
Struers lubricant was used. 
The cross section TEM analysis showed the general nature of damage to be similar 
to the ground specimens; ie. grooves in the surface below which was a layer of dislocation 
damage with an amorphous silicon layer on the surface more evident in regions where it had 
accumulated in the grooves. The illustration in Fig DI a) shows these features for the 
specimen polished with 6 gm spray. An analysis using XPS showed the presence of a surface 
oxide layer -1.5 nm thick on all specimens and the spectra are shown in Fig D1 b) for the 
same specimen. 
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Fig D1 Silicon (001) wafer polished with 6 µm diamond abrasive on a soft cloth wheel 
with lubricant is shown in cross section by XTEM in a) where the amorphous silicon layer 
is evident in the gooves. An XPS survey spectrum b) shows inset the small oxide contribution 
to the Si 2p subpeaks indicating a very small oxide layer. 
199 ý9NiVERS' 3Y': `° 
, It ýrýRI--Y i.. iBRARY 
THE END 
200 
